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Two mathematical models (a one and a three-dimensional) were adopted to study, 
numerically, the thermal hydrodynamic behavior of flow inside a single cooling channel of a 
Nuclear Thermal Rocket (NTR) engine. The first model assumes the flow in the cooling channel 
to be one-dimensional, unsteady, compressible, turbulent, and subsonic. The working fluid (GH2) 
is assumed to be compressible. The governing equations of the 1-D model are discretized using a 
second order accurate finite difference scheme.  Also, a commercial CFD code is used to study 
the same problem. Numerical experiments, using both codes, simulated the flow and heat 
transfer in a cooling channel of the reactor. The steady state predictions of both models were 
compared to the existing experimental results and it is concluded that both models successfully 
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The main objective of this thesis is to study the flow of gaseous hydrogen in the cooling 
channel of a NTR core and to simulate the flow to achieve the results identical to the ones from 
the experiment. A one-dimensional mathematical model is developed to predict the temperature 
and pressure change in a flow inside a cooling channel of a NTR reactor. Also, a three-
dimensional commercial CFD model is adopted to calibrate the one-dimensional model in terms 
of pressure and temperature.  
A typical NTR engine (see Figure 1) is composed turbo-pumps to pressurize the cryogenic 
hydrogen, external shield, nuclear reactor (reactor core, control drum, internal shield), nozzle, 
and the nozzle extension. The flow diagram for the hydrogen is shown in Figure 2. See reference 
[1, 2, 3, and 4]. 
 




Figure 1 - Typical NERVA Derived NTR Engine [2] 
 
The nuclear core is composed of a matrix of fuel elements with cooling channels through 
which the pressurized cryogenic fluid (hydrogen) flows (see Figure 2.)  Typical fuel elements are 
hexagonal shape and made of composite fuel (UC2 coated with ZrC) graphite matrix shown in 
the same figure.  The fuel matrix could also be in coated particle matrix form or as a composite 
matrix form. The cooling channels are one tenth of an inch (2.54 mm) in diameter and each fuel 
element has 16 of them as shown in Figure 3 and Figure 4. The fuel core also contains tie tubes 
which extracts additional thermal energy from the nuclear core to drive the turbo-pumps (TPA) 
[4]. 
 




Figure 2 - Typical NTR - GH2 Expander Cycle Flow Diagram [3] 
 




Figure 3 - NTR Fission Reactor Cross-Section [4] 
 
 




Figure 4 - NTR Fission Reactor Fuel Element and Tie Tube Cross-Sections [3] 
 
The fluid attains high temperatures while passing through the cooling channels of the core and 
then expands in the converging–diverging nozzle. Temperatures in the core can reach to reach 
2500 degree Kelvin. Maximum hydrogen temperature is very close to this value. The operating 
pressure of a typical NTR core is around 3 MPa. Some experimental NTRs have operated at 
higher pressures. Thermal power of the nuclear reactor which creates a thrust of 337 kN is 1570 
Mw for the NERVA engine. Hydrogen flow rate is 41.6 kg/sec and expansion ratio through the 
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nozzle is 100:1. Chamber pressure and temperature for this engine is 3.1 MPa and 2360 degree 
Kelvin, respectively [5 and 6]. The power, hydrogen, and wall temperature distributions of a 
typical NTR engine are shown in Figure 5 [5]. During the development of the NTR engines 
under the Rover program various fuel material problems were observed that were not completely 
resolved. These material problems limit the performance and the reliability of these engines. The 
results of the NERVA engine tests indicated that these problems were not due to the irradiation 
from fission process. Basically the damage to the fuel elements was due to the high temperatures 
attained at the fuel surface. It is now understood that many interrelated and competing physical 
mechanisms do act in concert to grade the structural integrity of the fuel element and accelerate 
the fuel mass loss. Among these processes are the (i) melting of the fuel (formation of liquid), 
(ii) vaporization/ sublimation, (iii) creep of material cracks, (iv) corrosion, and (v) structural 
degradation. 
The challenge for a high performance NTR engine requires the understanding of these 
complex physical phenomena and then develop core materials fuel matrix and coating that can 
stand high temperature (greater than 3000 degree K) and high mass flow rates (greater than 50 
kg/sec) of hydrogen environment with minimum corrosion under high pressures (greater than 3 
MPa) that can stand breakage from vibration and thermally induced stresses [7, 8, and 9]. 
Figure 5 shows the power input, wall temperature, and hydrogen temperature distributions in 
a typical NTR engine. Present study aims at understanding the basic thermal-hydrodynamic 
processes involved with the expansion of gaseous hydrogen in a Nuclear Thermal Rocket engine. 
For this purpose, the existing one-dimensional and three-dimensional CFD models are modified 
and adopted to the study of hot gaseous hydrogen flow through the cooling channels of the 
reactor core. Simulations were carried out at conditions similar to the ones experienced in 
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nuclear thermal reactors like NERVA using all these models to predict the temperature in the 
gaseous hydrogen.  
 
Figure 5 – Temperature and Heat Input distribution in a NTR Fuel Element [5] 
 
 A review of the experiences gained from the Space Nuclear Rocket Program (Rover) is 
given by Koenig [1]. Research on NTRs started in 1959 and went until 1972. The research 
engines developed during this period were in two categories, small like Kiwi type engines, and 
full size ones like Phoebus which had a thermal power of 5320 Mw and a thrust of 1123 KN. 
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Also under NERVA, program which covered the period from 1964 to 1969, various types of 
nuclear reactors  and engines for NTR were build and tested ( like NRX,  XE, and XEXF.) The 
description/specs of these engines and the test results of the experiments on these engines can be 
found in a final report by Koenig [1]. 
 
 NASA has also developed simulations codes to study various NTR vehicle concepts and 
carry on mission analysis studies using theses codes. One, which was developed by NASA Glen 
research Center at Ohio, is called the Nuclear Engine System Simulation (NESS) code.  This 
code was developed in 1970s and now has been upgraded to perform high fidelity NTR 
propulsion system analysis and design and estimate the weight, performance, size and operating 
characteristics of the propulsion system components including the nuclear reactor. Code outputs 
include engine cycle parameters like pressures, temperatures, and mass flow rates. The hydrogen 
temperature, channel wall temperature, fuel temperature, and fuel heat generation rate 
distributions inside a NERVA SNRE engine as predicted by the NESS code is presented in 
Figure 5. 
 
Since the degradation of the fuel elements and the structural failure of the nuclear reactor 
core is believed not to be caused by  irradiation from the fission process, the development and 
testing of new fuel matrices, fuel coatings, compatibility of the fuel and coating materials, and 
resistance of other reactor and engine parts to high temperature gas flow can be studied in a non-
nuclear test environment provided that the hydrogen gas flow has comparable (preferably higher) 
temperature and pressures to those attained in a typical NTR engine. Secondly, radiation and 
residual radioactivity associated with nuclear reactors impose significant constraints on 
technology and system development programs due to radiation safety, environmental 
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contamination, and nuclear security concerns; therefore testing of these NRT engines at 
laboratory scale (or full scale) in a non-nuclear environment is very desirable. Since it is 
technically sound and also desirable from environmental point of view, NASA has invested in 
design and construction of various NTR Environment simulators in various NASA centers to 
understand the mechanisms that are involved in the failure of fuel elements and also test new fuel 
materials for fuel matrices that may ultimately improve the performance, reliability, and 
durability of NTR engines [10].  
 One of such test facilities is located at the Idaho National Laboratory [11].  The Hot 
Hydrogen Test Facility (HHTF) is suitable to test core materials in 2500 degree C hydrogen 
flowing at 15000 liters per minute. This facility is intended to test non-uranium containing 
materials and therefore is suitable to test potential fuel cladding and coating materials.  It can 
also be used to understand the thermal-hydrodynamic behavior and stability of the core, 
reflector, moderator, and the shielding materials. 
NASA MSFC has also been active in developing simulators to test candidate fuel 
elements for NTRs under the program called Nuclear Thermal Rocket Element Environment 
Simulator or NTREES [12]. The initial simulator had a power capacity of 50 kW for the inductor 
heating system, operated at a 35 gm/sec flow rate of hydrogen and attained test article 
temperatures greater than 3000 degree K.   
MSFC also designed and constructed a 1 Mw Multi-Gas Arc-Heater unit in which small 
material specimen can be exposed to long durations of hot hydrogen gas. This unit has a view 
port where the effects of the hot gases on the specimen can be observed during the tests. The test 
done on a candidate fuel element (CERMET) has yielded very important information on 
degradation of this fuel under long durations of hypo thermal gas flow.  
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 The most recent simulator at NASA MSFC is powered by a 1.5 Mw unit and is capable 
of providing hydrogen at 300 degree K and 1000 psi. This unit has a pyrometer suite to measure 
fuel temperature profiles, and a mass spectrometer to measure the mass loss from the fuel 
element during the test period.   
 A one-dimensional model is developed to study the effects of heat input in a 
cooling channel of a nuclear thermal reactor engine. An extensive literature survey conducted on 
NTRs is included in Chapter 2. These include journal and conference publications and the final 
reports by various NASA centers. The ones relevant to this study are listed in the references 
section of this report. A compressible, turbulent, viscous flow inside a cooling channel of a NTR 
engine with variable het flux and constant mass flow rate is simulated for the present study. A 
more detailed description of the physical model of the NTR cooling channel is given in Chapter 
3.  
A physics based mathematical model is developed to obtain numerical solutions for the 
study by assuming the thermodynamic and transport properties of the fluid to be functions of 
temperature. The mathematical model comprises of conservation of mass, momentum, and 
energy equations. Formulations of conservation equations in terms of the primitive variables of 
the problem (u, v, p, and T) together with the appropriate boundary conditions and assumptions 
are provided in Chapter 4.  
The discretization of the conservation equations are given in Chapter 5. This chapter also 
includes the numerical solution and algorithm employed to predict the values of the primitive 
variables of the problem. A detailed description of the modified MacCormack scheme used in 
the solution algorithm, which is second order accurate in time differencing, is also given in this 
chapter. The accuracy of the numerical code is verified by applying the developed code to 
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predict the results of a benchmark case study. Grid independence and time convergence studies 
carried out to verify the solution algorithm are presented in Chapter 6.  
The study of the second order accurate in time model is also provided including the grid 
independence and time convergence studies and then compared to the 3-D commercial CFD 
model in Chapter 7. In Chapter 8, parametric studies were conducted to determine the effect of 
various parameters such as mass flow rate, wall heat flux, and inlet temperature on temperature 
and velocity distributions.  Finally, results for unsteady flow using a 1-D model are discussed in 
Chapter 9.  
The conclusions drawn from the results of the present study are presented in Chapter 10 
and the recommendations to improve the mathematical and solution procedure proposed in this 
study are given in Chapter 11. A list of references used in the literature survey is provided in the 
“List of References” section of the thesis. 
 
  







 Thermohydraulic and Neutronic modeling of nuclear thermal rocket propulsion engines 
have been carried out by various national laboratories and NASA centers including Idaho 
National Laboratory, Los Alamos National Laboratory, NASA Marshall Space Flight Center, 
and NASA Glenn Research Center.  
 In 1992, M.L. Hall et al. studied the thermohydraulics of the gaseous flow in the nuclear 
core using KLAXON code [13]. They investigated the hydrogen flow from the storage tanks 
through the reactor core out of the NTR nozzle using an integral model. A shock-capturing 
numerical methodology was used to model the gas flow in the cooling channels. Their one-
dimensional model was able to predict the pressure distribution from the inlet of the reactor core 
to the exit of the converging-diverging nozzle. They also predicted the steady-state Mach number 
distribution for a generic Nuclear Thermal Rocket.  
 E. Schmidt and et al. used KINETIC (which is a collection of computer programs written 
for the purpose of analyzing start-up transients in nuclear reactor) system code to analyze the 
transients experienced in NTR engines [14]. This code consists of a point reactor model and 
nodes to describe the fluid dynamics and heat transfer mechanics in the cooling channel of the 
NTR. With this code they were able to carry out a viable transient analysis of a start-up and 
shutdown behavior of the NTR engine.  
 J.E. Fittje of NASA Glenn Research Center used an updated version of the Nuclear 
Engine System Simulation (NESS) code to conduct integrated neutronic and thermal-fluid-
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structural analysis of the NTR reactor core components [15]. This code uses the Monte Carlo N-
Particle (MCNP) transport code to determine the reactor inputs. Data obtained from the MCNP is 
used to carry out the fuel elements heat transfer analysis and propellant flow rate determination. 
 J.A. Webb and et al. used the MCNP code to determine the volumetric heating rates 
within the nuclear core [16]. The heating rates were then imported to STAR-CCM+ fluids code 
to carry out the thermal hydraulic analysis of the cooling channels of the nuclear core. Successful 
coupling of these two codes enabled the authors to determine the spatial steady-state temperature 
profile within the coolant channels. This information was used to determine the optimum coolant 
channel surface area to volume ratio to cool the rocket engine operating at a high specific 
impulse.  
 Dr. Akyuzlu of University of New Orleans Cryogenics Lab used a one-dimensional 
mathematical model of the hybrid rocket motor to investigate the instabilities due to coupling of 
acoustics and hydrodynamic oscillations. The author also used the model to conduct numerical 
simulations of thermal hydrodynamic transients in the cooling channels of the nuclear thermal 
propulsion engine. Also, an analytical study was carried out to explore the fluid structure in a 









Description of a Physical Model 
 
In the present study, a cooling channel of the NTR core is considered. The cooling channel is 
1.2 meters long Stainless Steel pipe with an inner diameter of 2.54 meters (0.1inches). The 
thickness on the cooling channel is 0.125 mm. The left end of the pipe is the inlet through which 
the fluid (gaseous hydrogen) comes in at a constant temperature and mass flow rate and the right 
end of the pipe is the outlet, where the exit pressure is maintained at constant. Initially, hydrogen 
gas at the inlet is at 300 degree Kelvin. As the flow comes into the cooling channel with a mass 
flow rate of 0.005 kg/s, the temperature and the velocity of the fluid in the channel gradually 
increases due to the heat flux from the NTR core. Considering the Mach number and Reynolds’s 
number, the flow in the pipe can be categorized as turbulent and subsonic. The physical model of 
the cooling channel of the NTR core is shown in Figure 7. 
 
 
Figure 6 - Schematic of a cooling channel of a NTR engine 
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  No slip conditions are assumed on the wall of the pipe and the wall s are assumed to be 
impermeable. Mass flow rate and wall heat flux are the major factors affecting the 
thermodynamic and transport properties of the fluid. Heat is transferred from hot wall to the 
adjacent gaseous hydrogen molecules flowing inside the pipe, thus decreasing the density of the 
fluid which in turn decreases the inlet pressure as well through ideal gas relation. Since, the mass 
flow rate and the cross-sectional area of the pipe are same, decreasing density results in the 
increase of velocity and temperature.    
Figure 7 shows the heat flux distribution along the length of the cooling channel in the 
experiment. The 1-D and the CFD models are modified and adopted to study the flow of 
hydrogen gas through the cooling channel of the NTR core under the effect of similar non-
uniform heat flux created based on a sine function (Appendix). The results for temperature and 
velocity distribution from the study are then compared to the ones from the experiment.  
 




Figure 7 - Heat Flux Distribution along the cooling channel of a NTR core



























Description of Mathematical Model 
 
 The mathematical formulation of the conservation equations together with the initial and 
boundary conditions in first order and second order accurate in time models are given below. The 
dimensional governing equations were derived from the respective vector form (refer to 
Appendix I) and together with the initial and boundary conditions were then transformed into 
non-dimensional form. The non-dimensional forms of these equations as well as the assumptions 
made in the derivation of these equations are presented in this chapter. 
 
4.1  One-Dimensional Models: Steady and Unsteady State 
 4.1.1  Assumption of 1-D Mathematical Model 
The following assumptions were made for the present study.  
 
1. The physical domain is one-dimensional and the equations are in Cartesian co-
ordinates  
2. The working fluid forms a continuum  
3. The flow is unsteady, turbulent, and viscous  
4. The working fluid (gaseous hydrogen) is compressible (the density of the fluid is a 
function of temperature and pressure) and can be treated as an ideal gas 
5. The working fluid behaves like a Newtonian fluid with stokes assumptions  
6. Pressure work term is negligible in the energy equation  
7. Effects of viscous dissipation in the energy equation are insignificant  
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8. The kinetic and potential energy terms in the energy equations are neglected  
9. Radiation heat transfer is ignored  
 
10. There are no internal heat sources  
11. Heat conduction within the fluid follows Fourier’s law  
12. The physical properties of the fluid are assumed to be constant  




4.1.2  Mathematical Formulation for 1-D Model 
i. Governing Differential Equations 
The conservation equations for one-dimensional, unsteady, viscous, compressible, 
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ρρ                     (3) 
 
The equation of state  
 
 TRP ρ=                                                                                  (4) 
 
is used for the closure of the one dimensional compressible viscous flow model described by the 
conservation laws. 
 
Wall shear stress per volume in Eq. 2 is given by 






                                                                                    (5) 
where, 




ufw ρτ =                                                                                (6)    
 





                                                                                   (7) 
or, fully turbulent flow with high Reynolds numbers in smooth pipes. 
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And the heat input per volume of fluid in Eq. 3 is defined as  
                        
D
q
q ww 4=′                                                                              (8)  
 
ii. Initial and Boundary Conditions 
To complete the mathematical formulation, the following initial conditions were used. 
ρ = ρo @ t=0 for 0 < x > L 
u = uo @ t=0 for 0 < x > L 
Ti = To @ t=0 for 0 < x > L 
Pi = Po @ t=0 for 0 < x > L 
 And, the boundary conditions used were 
P = Pe @ x = L for t >= 0 
T = To @ x = 0 for t >= 0 

 = 0 @ x = 0 for t >= 0 
4.2  3-Dimensional General CFD Model – Steady State 
 Two different 3-Dimensional CFD models are created to effectively study the flow in the 
cooling channel and achieve the results identical to the experiment. The models are further 
discussed in details in the sections below.  
 4.2.1 Assumptions for the 3-D Models 
 The following assumptions were made for the study with 3-D CFD models:  
 
1. The physical domain is two-dimensional computational domain and the equations are 
in cylindrical co-ordinates  
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2. The working fluid forms a continuum  
3. The flow is steady, turbulent, and viscous  
4. The working fluid (gaseous hydrogen) is compressible (the density of the fluid is a 
function of temperature and pressure) and can be treated as an ideal gas 
5. The working fluid behaves like a Newtonian fluid with stokes assumptions  
6. Pressure work term is negligible in the energy equation  
7. Effects of viscous dissipation in the energy equation are insignificant  
8. The kinetic and potential energy terms in the energy equations are neglected  
9. Radiation heat transfer is insignificant  
 
10. There are no internal heat sources  
11. Heat conduction within the fluid follows Fourier’s law  
12. Thermodynamic and transport properties are assumed to be function of temperature 
13. No slip condition and stationary walls 
 
 4.2.2 Mathematical Formulation for 3-D Two-Domain Model: Fluid 
 The flow through the two-dimensional computational domain is considered to be 
compressible and turbulent. The conservation equations for steady, viscous, compressible, 
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The effective viscosity in the above equations is defined as  
µeff = µ + µ t      (12)  
     
where the eddy viscosity is given by 
µ t = ρCµ        (13) 
 
The turbulent kinetic energy is determined from: 
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The turbulent dissipation energy is determined from: 
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The constants of the K-ε model adopted for this study are: Cµ = 0.09, PrK = 1.0, Prε = 1.3. Cε1 = 
1.55 and Cε2 = 2.0 
 
The energy equation is given by: 
  -./	  
   -./	 "  0 1 
)/ ) 
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Where the effective thermal conductivity is given by 
keff = krad + kt + kabs     (17) 
 
The radiative and turbulent thermal conductivities in these equations are given by 
krad = 
45678
9:;       (18) 
kt = 
-.μ% &%<       (19) 
 
  
   
24 
 
 4.2.3 Mathematical Formulation for 3-D Two-Domain Model: Solid 
 For the case of a stationary solid such as the flow in a pipe, we can neglect the convective 
terms in the total derivatives. Also because the flow rate in the pipe is subsonic (M<0.3) we can 
neglect viscous dissipation and pressure work in the energy equation because Ec << 1. 
Therefore, there is no heat generation and the energy equation for the solid is given by 
=>7	%    0? 7@    0? 7@    (20) 
 
4.3  Thermodynamic and Transport Properties 
 The thermodynamic and transport properties are assumed to be the function of 
temperature. The equations for thermal conductivity, specific heat and viscosity for gaseous 
hydrogen (GH2) are obtained using figures from Appendix III [20].  
Thermal conductivity, kt: 
k(x) = 0.1554 + 0.00047x           (21) 
Specific heat, cp: 
cp(x) = 14219.231 + 248.232x – 55.172x2 + 7.066x3 – 0.360x4 +0.008x5  (22) 
And, for viscosity, ν: 
ν(x) = 1 x 10-5 – 3 x 10-6x + 3 x 10-6x2 - 6 x 10-7x3 + 








Numerical Formulation and Solution Procedure for 1-D Model 
 
5.1 1-D Mathematical Model 
 
5.1.1 Discretization of the Governing Differential Equations 
 In this study, a second order accurate in time and space numerical scheme (modified 
MacCormack) is used to solve the conservation of mass, momentum, and energy equations given 
in the previous section. The discretization method was used for the inner points of the computational 
domains, which is represented by a uniform orthogonal structured mesh. The computational cell used for 
the discretization is shown in Figure 8. This technique is well suited to solve compressible flow 
equations for high velocities. It is two-step numerical schemes where the primitive variables of 
the problem are first predicted using a forward in time scheme and then are corrected using a 
backward in time scheme.  
 
Figure 8- Spatial Discretization of the Pipe for Finite Differential approximations 
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 The numerical stability criterion for the MacCormack scheme is given by  
 
            
( )







                                                                     (24) 
where σ is the safety factor and this factor is taken as 0.9. The Courant-Frederics-Levy stability 
condition is given by : 






≤∆                                                                     (25) 
where “a” is the local speed of sound.  “Re∆” is the minimum mesh Reynolds number  given by  
 





== ∆∆∆                                    (26) 
 To verify the grid size independence of the results, the computations were carried out for 
different number of nodes in axial direction for the full length of the coolant channel 31, 41, and 
51. The changes in the velocity field due to this change in cell size were found insignificant. 
Therefore the study was carried out with a 41 node computational domain. 
Convergence of the numerical results for different time increments was also studied. It was 
concluded that time increments smaller than 1x10-5 resulted in no significant changes in the 
temperature and velocity distributions with the coolant channel therefore this non-dimensional time 
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5.1.2 Solutions Technique 
 The solution of the coupled differential equations for the present problem requires a 
specific procedure to be followed. First, the mass flow rate at the inlet of the pipe is used to 
calculate the velocity of the gaseous Hydrogen at the inlet. Then the governing equations of the 
turbulent compressible flow through the cooling channel (Eqs. 9, 10, 11, 12) are solved. This 
results in the determination of the density and velocity field at the exit of the cooling channel 
which is used to update the pressure at the inlet of the cooling channel.  
 
5.2 3-D Models 
  
 A commercial CFD package (Fluent) was used to predict the temperature distribution 
inside the fluid and the pipe. These distributions are used in calculating the radial temperature 
gradients in the solid and in the GH2 along the gas-solid interface. Conservation equations are 
solved using pressure-velocity coupling. Second order upwind scheme is used in the discretization 
of the conservation equations and the K-ε turbulence model equations. The mesh for the 
computational domain (fluid and the solid) are generated using the Wokrbench mesh generator and 
has around 300K cells. As boundary conditions, the mass flow rate and temperature of the GH2 are 
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Table 1- Fluent Solver Setting 
 
CFD SOLVER SETTINGS 
Description Settings 
Problem Setup – Solver Pressure-Based 
Turbulence Model k-ε 
Viscous Standard 
Viscous Heating ON 
Pressure-Velocity Coupling Coupled 
Gradient Discretization Least Square Cell-Based 
Pressure Discretization Standard 
Density Discretization Second Order Upwind 
Momentum Discretization Second Order Upwind 
Turbulent k-ε Discretization Second Order Upwind 
Energy Second Order Upwind 
Residual: Criteria 1E-08 
 
  





Validation of the Solution Code and Study of Various Cases 
 
In this study, various numerical studies have been carried out to establish the validity of 
the solution code. When numerical methods are used to solve differential equations, getting a 
numerical stable solution does not immediately imply that this is the correct one. A time 
convergence study and grid independence study requires that there are not significant changes in 
the results when the computational time increment and grid size are varied. Furthermore, the 
computer code developed for the present study was tested for accuracy using benchmark studies. 
These case studies are presented in this chapter. 
Common Run Parameters for the case studies are given in tables below: 
Table 2- Geometrical Parameters for case studies 
Parameter Symbol Value 
Length L [m] 1.2  
Diameter D [m] 0.00254  
Thickness t [m] 0.000125 
 
Table 3- Operational Parameters for case studies 
Parameter Symbol Value 
Inlet Mass Flow Rate mdot [kg/sec] 0.005 
Inlet Temperature Ti [K] 300 
Exit Pressure Pe [MPa] 3.1 
Coefficient of Friction Cf 0.99 
Non-Uniform Heat Flux Qdot [kW/m2] 22,000 
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Table 4- Physical Parameters for case studies 
Parameter Symbol Value 
Thermal Conductivity kt [W/m-K] 0.1554 
Specific Heat cp [J/kg-K] 14065.0 
Absolute Viscosity µ [N-s/m2] 1.76 x 10-5 
 
 
6.1 1-D Case Studies 
6.1.1 Time Convergence Study for 1-D Model 
 A time convergence study was carried out for the present study which is second order 
accurate in time. Once the grid size is set, the time computational time convergence is 
determined by satisfying the diagonal dominance condition of the coefficient matrix. For the 
present code validation study, a non-dimensional computational time increment of 5 x 10-6 was 
considered. It was found that the time increment did not result in any significant changes in 
qualitative and quantitative results. To illustrate this point, a one-dimensional channel with a 
non-uniform heat flux distribution of 22,000 kW/m2 along the axial length were compared for 
different time increment such as ∆t = 5x10-6, ∆t = 1x10-6 and ∆t = 5x10-7 for 41 x 41 mesh points 
with an inlet mass flow rate of 0.005 kg/s, inlet temperature of 300 K and outlet pressure of 3.1 
MPa. The quantitative comparison is presented in Table 6 and the comparison of mean fluid 
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Table 5- Time Increment Study for 1D Unsteady State Case  
[IN = 41 x 41, Cf = 0.1, turbulent, constant properties] 
 
 Results 
























5 x 10-6 0.157 3.18 5.90 2354.58 3038.88 2.80 
1 x 10-6 0.156 3.18 5.91 2349.73 3037.67 2.81 





Table 6- Fluid Temperature distribution along the axial length of the 1-D models for ∆t = 5 x 10-6 
sec, ∆t = 1 x 10-6 sec, ∆t = 5 x 10-7 sec for Run 1D-H2-I 




(∆t = 5 x 10-6 sec) 
Fluid Temperature, 
Tf [K] 
(∆t = 1 x 10-6 sec) 
Fluid Temperature, 
Tf [K] 
(∆t = 5 x 10-7 sec) 
0 300.00 300.00 300.00 
0.1 424.287 423.932 423.880 
0.2 627.748 627.053 626.959 
0.3 804.590 803.670 803.585 
0.4 997.140 995.825 995.675 
0.5 1267.99 1266.21 1266.02 
0.6 1472.75 1470.59 1470.34 
0.7 1670.51 1667.99 1667.76 
0.8 1909.62 1906.61 1906.34 
0.9 2059.94 2056.48 2056.05 
1.0 2175.51 2171.69 2171.34 
1.1 2253.54 2248.79 2248.30 
1.2 2216.63 2210.30 2209.75 
 
 




Figure 9 - Comparison of Mean Fluid Temperature distribution along the axial centerline of the 
1-D models for ∆t = 5 x 10-6 sec, ∆t = 1 x 10-6 sec, ∆t = 5 x 10-7 sec for Run 1D-H2-I  




























Dt = 5 x 10-6
Dt = 1 x 10-6
Dt = 5 x 10-7
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6.1.2 Grid Independence Study for 1-D Model 
 In order to validate the accuracy and convergence of the computer code, a grid 
independence study for the present study (Qmax = 22,000 kW/m2, mdot = 0.005 kg/s, Ti = 300 K, 
Pe = 3.1 MPa) was also conducted. The grid size chosen for the present study was 41 x 41. To 
verify that the converged solutions were independent of the grid chosen two more studies were 
carried out with grid size of 31 x 31 and 51 x 51. Unsteady state results using uniform, 
orthogonal 31 x 31, 41 x 41 and 51 x 51 meshes were obtained using the present computer code. 
The comparison of distribution of the mean fluid temperature along the length of the channel is 
presented in Figure 10 and the quantitative comparison is presented in Table 8. 
 
Table 7- Mesh Independence Study for 1-D Unsteady State Case  
[∆t = 5x10-6 - 1x10-6 sec, Cf = 0.1, turbulent, constant properties] 
 
 Results 

























31 0.15 3.18 5.90 2356.29 3037.56 2.80 
41 0.15 3.18 5.90 2354.58 3038.88 2.80 
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Table 8- Mean Fluid Temperature distribution along the axial length of the 1-D models for IN = 
31x31, IN = 41x41, IN = 51x51 for Run 1D-H2-II   




(IN = 31x31) 
Fluid Temperature, 
Tf [K] 
(IN = 41x41) 
Fluid Temperature, 
Tf [K] 
(IN = 51x51) 
0 300.00 300.00 300.00 
0.1 409.276 424.287 433.288 
0.2 609.365 627.748 594.168 
0.3 764.005 804.590 828.461 
0.4 1019.76 997.140 1035.63 
0.5 1200.17 1267.99 1252.48 
0.6 1473.61 1472.75 1470.56 
0.7 1650.07 1670.51 1680.69 
0.8 1892.14 1909.62 1873.30 
0.9 2030.07 2059.94 2074.31 
1.0 2186.22 2175.51 2190.01 
1.1 2244.28 2253.54 2248.56 
1.2 2219.09 2216.63 2209.83 
 
 
Figure 10 - Comparison of Mean Fluid Temperature Distribution along the axial centerline of the 
1-D models for IN = 31x31, IN = 41x41, IN = 51x51 for Run 1D-H2-II 




























Grid size = 41 x 41
Grid size = 31 x 31
Grid size = 51 x 51
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6.1.3 Coefficient of Friction Study for 1-D Model 
 
 In this study, a 41 x 4 1-D model is run with the similar initial and boundary conditions 
as that of the benchmark case but with different coefficient of friction. The effect in mean fluid 
temperature distribution due to the change in frictions is illustrated in Figure 11. A quantitative 
comparison of temperature distribution under different coefficient of frictions is shown in Table 
10.  
 
Table 9- Coefficient of Friction Study for 1-D Unsteady State Case  
[IN = 41, ∆t = 5x10-6 sec, turbulent, constant properties] 
 Results 























0.10 0.16 3.18 5.803 1952.65 2523.27 2.703 
0.55 0.15 3.18 6.086 1937.23 2482.64 2.986 
0.99 0.14 3.18 6.54 1918.88 2421.14 3.44 
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Table 10- Pressure distribution along the axial length of the 1-D models for Cf = 0.1, Cf = 0.55, 
Cf = 0.99 for Run 1D-H2-III 
Axial Distance, x 
[m] 
Pressure, P [MPa] 
(Cf = 0.10) 
Pressure, P [MPa] 
(Cf = 0.55) 
Pressure, P [MPa] 
(Cf = 0.99) 
0 5.905 6.591 7.079 
0.1 5.820 6.505 6.992 
0.2 5.670 6.350 6.831 
0.3 5.533 6.206 6.681 
0.4 5.375 6.037 6.503 
0.5 5.132 5.772 6.219 
0.6 4.927 5.543 5.970 
0.7 4.704 5.287 5.689 
0.8 4.380 4.903 5.260 
0.9 4.119 4.580 4.892 
1.0 3.842 4.221 4.474 
1.1 3.442 3.657 3.799 




Figure 11- Comparison of Pressure distribution along the axial centerline for 1-D models with Cf 
= 0.1, Cf = 0.55, Cf = 0.99 for Run 1D-H2-III 






















   
37 
 
6.1.4 Inlet Mass Flow Rate Study for 1-D Model 
 
In this study, a one-dimensional mathematical model is used to study the effect of inlet 
mass flow rate.  The model has a 41 x 41 mesh size and a time increment of 5 x 10-6 seconds. 
Comparison of the effects of different mass flow rate in temperature distribution is shown in 
Figure 12 and a quantitative comparison is presented in Table 12. 
 
Table 11- Inlet Mass Flow Rate Study for 1-D Unsteady State Case  
[IN = 41, ∆t = 5x10-6 sec, Cf = 0.99, turbulent, constant properties] 
 Results 
























4.0 0.11 2.54 6.43 2812.14 2881.12 3.33 
5.0 0.13 3.18 7.08 2216.63 2846.33 3.98 
6.0 0.14 3.81 7.70 1897.69 2814.73 4.60 
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Table 12- Mean Fluid Temperature distribution along the axial length of the 1-D model for mdot 
= 0.004 kg/s, mdot = 0.005 kg/s, mdot = 0.006 kg/s for Run 1D-H2-IV 




(mdot = 0.004 kg/s) 
Fluid Temperature, 
Tf [K] 
(mdot = 0.005 kg/s) 
Fluid Temperature, 
Tf [K] 
(mdot = 0.006 kg/s) 
0 300.00 300.00 300.00 
0.1 455.842 424.287 403.288 
0.2 711.501 627.748 572.177 
0.3 933.840 804.590 718.902 
0.4 1176.12 997.140 878.562 
0.5 1517.42 1267.99 1102.91 
0.6 1776.00 1472.75 1272.24 
0.7 2026.48 1670.51 1435.41 
0.8 2331.29 1909.62 1631.75 
0.9 2525.52 2059.94 1753.88 
1.0 2679.29 2175.51 1845.50 
1.1 2800.61 2253.54 1897.53 
1.2 2801.99 2216.63 1833.54 
 
 
Figure 12- Comparison of Mean Fluid Temperature distribution along the axial centerline for 1-
D model with mdot = 0.004 kg/s, mdot = 0.005 kg/s, mdot = 0.006 kg/s for Run 1D-H2-IV 






























Mass Flow Rate = 0.005 kg/s
Mass Flow Rate = 0.004 kg/s
Mass Flow Rate = 0.006 kg/s
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6.2 3-D Case Studies 
 6.2.1 Mesh Independence Study for 3-D CFD Models 
 A mesh independence study was carried out using a one domain and a two domain three-
dimensional model, each with three different cell sizes and layers. A one domain case has five 
models with different number of cells. Table 3 compares the results between the one domain 
models with three different axial cell sizes of 1x 10-3, 5x10-4 and 4x10-4 with five layers in radial 
direction. The mesh independence study has an inlet mass flow rate of 0.005 kg/s, inlet fluid 
temperature 300 K and a variable heat flux of 22,000 kJ/s-m2. Also, the outlet pressure for the 
study is set to be 3.1 MPa. Similarly, Table 13 consists of 3-D one domain models with different 
axial cell sizes and constant numbers of layers (nf) in radial direction. The geometrical, 
operational and physical parameters for this case study are similar to that of the previous case 
studies and are given in Table 2, Table 3 and Table 4 respectively.  
Table 13- Mesh Independence (Cell Size) Study for 3-D One-Domain Steady State Case 
[nf = 5, turbulent, constant properties] 
 
 Results 




























1x10-3 200,400 0.113 3.18 8.197 1926.3 2912.11 5.097 
8x10-4 217,000 0.113 3.18 8.198 1926.71 2910.71 5.098 
5x10-4 348,000 0.11 3.18 8.30 1931.81 2921.21 5.20 
 
 
 Comparisons for pressure, velocity and temperature distribution between different models 
were carried out. The inlet pressures for all three models are very identical; however the values 
start to increase slightly as the axial size decreases. Similarly, the velocity distributions look very 
similar for different axial cell sizes. Finally, temperature distributions are compared between 3-D 
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one domain models with different axial cell sizes. A quantitative comparison is presented in 
Table 14 and a figurative comparison is shown in Figure 13. 
 
Table 14- Fluid Temperature distribution along the axial centerline of the 3-D One-Domain 
models for dx = 1x10-3 m, dx = 8x10-3 m, dx = 5x10-4 m for Run 3D-H2-1DM-I 




(dx = 1x10-3 m ) 
Fluid Temperature, 
Tf [K] 
(dx = 8x10-4 m) 
Fluid Temperature, 
Tf [K] 
(dx = 5x10-4 m) 
0 299.221 299.221 299.231 
0.1 313.464 313.602 314.329 
0.2 376.583 376.911 379.197 
0.3 471.436 472.043 478.36 
0.4 602.752 603.683 618.893 
0.5 790.515 791.75 819.636 
0.6 1045.69 1047.13 1075.59 
0.7 1313.24 1314.46 1334.11 
0.8 1551.2 1552.18 1567.16 
0.9 1750.77 1751.59 1764.15 
1.0 1900.2 1900.9 1911.51 
1.1 1980.54 1981.14 1990.02 
1.2 1926.3 1926.71 1931.81 
 
 




Figure 13- Comparison of Fluid Temperature distribution along the axial centerline of the 3-D 
One-Domain models for dx = 1x10-3 m, dx = 8x10-3 m, dx = 5x10-4 m for Run 3D-H2-1DM-I 
 
Table 15 compares the outlet results between the one domain models with 3-D one 
domain models with different layers in radial direction. The mesh independence study has an 
inlet mass flow rate of 0.005 kg/s, inlet fluid temperature 300 K and a variable heat flux of 
22,000 kJ/s-m2. Also, the outlet pressure for the study is set to be 3.1 MPa. All three models have 




























Dx = 1 x10-3 m
Dx = 8 x10-4 m
Dx = 5 x10-4 m
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Table 15- Mesh Independence (Fluid Layer) Study for 3D-1 Domain Steady State Case  
[dx = 1x10-3 m, turbulent, constant properties] 
 
 Results 





























5 200,400 0.113 3.18 8.197 1926.3 2912.11 5.097 
10 320,400 0.114 3.18 8.095 1928.74 2904.1 4.995 




The inlet pressures for all three models are very identical; however the values start to increase 
slightly as the axial size decreases. The velocity distributions for different radial layers are 
similar. A model with five radial layers has the highest outlet velocity of 2912.11 m/s and the 
one with thirteen radial layers has an outlet velocity of 2902.07 m/s. Temperature distributions 
are also compared between 3-D one domain models with different number of layers in radial 
direction. The quantitative comparison is presented in Table 16 and a figurative comparison is 
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Table 16- Fluid Temperature distribution along the axial centerline of the 3-D One-Domain 
models for nf = 5, nf = 10, nf =13 for Run 3D-H2-1DM-II 




(nf = 5) 
Fluid Temperature, 
Tf [K] 
(nf = 10) 
Fluid Temperature, 
Tf [K] 
(nf = 13) 
0 299.221 299.202 299.198 
0.1 313.464 313.654 313.728 
0.2 376.583 376.149 375.981 
0.3 471.436 468.503 467.373 
0.4 602.752 593.328 590 
0.5 790.515 771.686 765.286 
0.6 1045.69 1028.65 1022.59 
0.7 1313.24 1308.23 1306.67 
0.8 1551.2 1550.97 1551.23 
0.9 1750.77 1751.56 1752.19 
1.0 1900.2 1901.21 1901.92 
1.1 1980.54 1981.58 1982.27 




Figure 14- Comparison of Fluid Temperature distribution along the axial centerline of the 3-D 
One-Domain models for nf = 5, nf = 10, nf =13 for Run 3D-H2-1DM-II  
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A two domain case has five models with different number of cells. Table 17 compares the 
outlet results between the two domain models with three different cell sizes of 1x 10-3, 2x10-3 
and 5x10-3 with five layers in radial direction in the fluid domain and one layer in the solid 
domain. The mesh independence study has an inlet mass flow rate of 0.005 kg/s, inlet fluid 
temperature 300 K and a constant heat flux of 22,000 kJ/s-m2. Also, the outlet pressure for the 
study is set to be 3.1 MPa.  It was found that the change in cell size did not have any effect on 
the results  
 
 
Table 17- Mesh Independence (Cell Size) Study for 3-D Two-Domain Steady State Case  
[nf = 5, turbulent, constant properties] 
 
 Results 




























5x10-3 40,080 0.109 3.18 8.492 2073.52 3116.98 5.392 
2x10-3 100,200 0.109 3.18 8.500 2072.04 3123.79 5.400 
1x10-3 212,577 0.107   3.18 8.608 2076.79 3132.66 5.508 
 
 
A comparison of pressure, velocity and temperature distribution between different 
models is presented in this section. The inlet pressures for all three models are very identical; 
however the values start to increase slightly as the axial size decreases. Similarly, the velocity 
distributions look very similar for different axial cell sizes. Finally, temperature distributions are 
compared between 3-D one domain models with different axial cell sizes. The quantitative 
comparison is presented in Table 18 and a figurative comparison is shown in Figure 15. 
 
   
45 
 
Table 18- Fluid Temperature distribution along the axial centerline of the 3-D Two-Domain 
models for dx = 5x10-3 m, dx = 2x10-3 m, dx = 1x10-3 m for Run 3D-H2-2DM-I 




(dx = 5x10-3 m ) 
Fluid Temperature, 
Tf [K] 
(dx = 2x10-3 m) 
Fluid Temperature, 
Tf [K] 
(dx = 1x10-3 m) 
0 299.274 299.275 299.284 
0.1 314.956 314.957 315.918 
0.2 382.736 382.494 385.422 
0.3 480.594 480.159 488.472 
0.4 610.728 609.808 631.237 
0.5 799.359 797.698 842.398 
0.6 1085.19 1084.07 1135.92 
0.7 1405.46 1405.19 1434.1 
0.8 1675.79 1675.73 1693.35 
0.9 1896.01 1896.12 1909.87 
1.0 2059.5 2059.88 2071.1 
1.1 2145.27 2146.32 2155.62 
1.2 2073.52 2072.04 2076.79 
 
 
Figure 15- Comparison of Fluid Temperature distribution along the axial centerline of the 3-D 
Two-Domain models for dx = 5x10-3 m, dx = 2x10-3 m, dx = 1x10-3 m for Run 3D-H2-2DM-I 
























Dx = 5 x10-3 m
Dx = 2 x10-3 m
Dx = 1 x10-3 m
   
46 
 
Table 19 consists of 3-D two domain models with different numbers of layers in radial direction. 
The results from this study also were similar with each other.  
 
 
Table 19- Mesh Independence (Fluid Layer) Study for 3D-2 Domain Steady State Case  































5 212,577 0.107 3.18 8.608 2076.79 3132.66 5.508 
10 319,200 0.1105 3.18 8.394 2074.79 3115.69 5.294 
13 386,400 0.1108 3.18 8.372 2076.85 3110.87 5.272 
 
 
A comparison of pressure, velocity and temperature distribution between different 
models is presented in this section. The inlet pressures for all three models are identical and have 
very little deviation from each other. The velocity distributions look very similar for models with 
different number of layer. And, temperature distributions are compared between 3-D one domain 
models with different number of layers. A quantitative comparison is presented in Table 20 and a 
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Table 20- Fluid Temperature distribution along the axial centerline of the 3-D Two-Domain 
models for nf = 5, nf = 10, nf =13 for Run 3D-H2-2DM-II 




(nf = 5) 
Fluid Temperature, 
Tf [K] 
(nf = 10) 
Fluid Temperature, 
Tf [K] 
(nf = 13) 
0 299.284 299.257 299.253 
0.1 315.918 315.304 315.518 
0.2 385.422 382.23 382.444 
0.3 488.472 477.097 476.393 
0.4 631.237 598.859 595.36 
0.5 842.398 773.695 766.38 
0.6 1135.92 1050.35 1038.9 
0.7 1434.1 1392.81 1389.34 
0.8 1693.35 1675.61 1676.71 
0.9 1909.87 1897.79 1899.35 
1.0 2071.1 2061.75 2063.23 
1.1 2155.62 2148.28 2149.58 





Figure 16- Comparison of Fluid Temperature distribution along the axial centerline of the 3-D 
Two-Domain models for nf = 5, nf = 10, nf =13 for Run 3D-H2-2DM-II 
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A two domain case in Table 21 has three models with different number of layers in the 
solid domain. The comparison between the two domain models with three different layers of 5, 
8, and 10 with five layers in radial direction in the fluid domain is presented in the table below. 
The mesh independence study has an inlet mass flow rate of 0.005 kg/s, inlet fluid temperature 
300 K and a constant heat flux of 22,000 kJ/s-m2. Also, the outlet pressure for the study is set to 
be 3.1 MPa.  It was found that the change in layers in the solid domain did not have any effect on 
the results. 
 
Table 21 - Mesh Independence (Solid Layer) Study for 3-D Two-Domain Steady State Case  
[dx = 1x10-3 m, nf = 5, turbulent, constant properties] 
 
 Results 




























5 340,800 0.109 3.18 8.503 2071.73 3125.43 5.403 
8 403,200 0.109 3.18 8.503 2071.74 3125.44 5.403 
10 459,600 0.109 3.18 8.503 2071.74 3125.44 5.403 
 
 
A comparison of pressure, velocity and temperature distribution between 3-D two domain 
models with different layers in the solid domain was conducted for this study. Quantitative and 
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Table 22- Fluid Temperature distribution along the axial centerline of the 3-D Two-Domain 
models for ns = 5, ns = 8, ns = 10 for Run 3D-H2-2DM-III 




(ns = 5) 
Fluid Temperature, 
Tf [K] 
(ns = 8) 
Fluid Temperature, 
Tf [K] 
(ns = 10) 
0 299.275 299.275 299.275 
0.1 314.915 314.911 314.911 
0.2 382.44 382.431 382.431 
0.3 480.044 480.032 480.031 
0.4 609.732 609.712 609.709 
0.5 797.588 797.556 797.551 
0.6 1083.99 1083.96 1083.96 
0.7 1405.15 1405.13 1405.14 
0.8 1675.71 1675.71 1675.71 
0.9 1896.15 1896.15 1896.15 
1.0 2060.01 2060.01 2060.01 
1.1 2146.65 2146.65 2146.65 
1.2 2071.73 2071.74 2071.74 
 
 
Figure 17- Comparison of Fluid Temperature distribution along the axial centerline of the 3-D 
Two-Domain models for ns = 5, ns = 8, ns = 10 for Run 3D-H2-2DM-III 
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6.2.2 Physical Parameter Study for 3-D One-Domain Model 
 In this section, a 3-D one domain model is simulated to predict the pressure, temperature, 
and velocity distribution in the channel with a variable heat flux of 22000 kW/m2; under constant 
and variable physical properties for gaseous hydrogen. The inlet fluid temperature and inlet mass 
flow rate is given to be 300 K and 0.005 kg/s respectively. The outlet pressure is set at 3.1 MPa. 
The values for constant physical properties are obtained from the default setting in Fluent and the 
values for variable physical properties are calculated using the polynomial relations as a function 
of temperature from the NIST [20].  
Table 23 - Physical Parameter (cp, k, and µ) Study for 3-D One-Domain Steady State Case  
[dx = 5x10-4 m, Mesh size = 348,000, nf = 5, turbulent] 
 Results 
Run No. Parameters 
























Constant 0.12 3.18 7.909 1791.97 2708.76 4.809 
Variable 0.11 3.18 8.30 1931.81 2921.21 5.20 
 
 
Fluid temperature distribution shows a higher magnitude in case of variable properties 
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Table 24- Fluid Temperature distribution along the axial centerline of the 3-D One-Domain 
model for Constant and Variable properties for Run 3D-H2-1DM-VII 
Axial Distance, x 
[m] 
Fluid Temperature, Tf 
[K] 
(Constant Properties) 




Difference, ∆T [K] 
% Deviation 
0 299.164 299.231 -0.067 0.0224 
0.1 312.499 314.329 -1.83 0.5822 
0.2 371.716 379.197 -7.481 1.9729 
0.3 463.157 478.36 -15.203 3.1782 
0.4 591.924 618.893 -26.969 4.3576 
0.5 770.077 819.636 -49.559 6.0465 
0.6 994.53 1075.59 -81.06 7.5363 
0.7 1226.86 1334.11 -107.25 8.0391 
0.8 1439.46 1567.16 -127.7 8.1485 
0.9 1620.04 1764.15 -144.11 8.1688 
1.0 1755.93 1911.51 -155.58 8.1391 
1.1 1830.19 1990.02 -159.83 8.0316 
1.2 1791.97 1931.81 -139.84 7.2388 
 
 
Figure 18- Comparison of Fluid Temperature distribution along the axial centerline of the 3-D 
One-Domain model for Constant and Variable properties for Run 3D-H2-1DM-VII  
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6.2.3  Fully Developed Flow Study for 3-D One-Domain Model 
 In this study, a 3-D one-domain model is used to differentiate between a developing and 
fully developed flow. Table 25 presents the heat input for developing and fully developed flow 
and the predicted thermodynamic parameters at the end of each run. A one domain model has 
gaseous hydrogen coming in at 300 K and 148 m/s. A constant heat flux of 15,000 W/m2 is 
applied to the model. For a fully developed flow study, a flow in a 3-D one-domain model is run 
twice, where in the first leg of the run no heat flux (adiabatic) is applied to the model.  During 
the second leg, profiles for temperature and velocity are retrieved from the outlet of the first leg 
run and given as the inlet conditions for the second leg run and a constant heat flux of 15,000 
kW/m2 is applied to the surface of the model. This procedure creates a fully developed flow in 
the channel even though the channel is not long enough to be fully developed. Whereas, the 
developing flow study simply consists of a flow with the similar initial conditions as that of the 
fully developed run but has just one leg with a constant heat flux of 15,000 kW/m2. A 
quantitative comparison of axial velocity distribution along the axial length of the model is 
shown in Table 26. 
Table 25- Developing and Fully Developed Flow Study for 3-D One-Domain Steady State Case  





































0 0.28 3.18 3.361 299.606 185.092 0.261 
15,000 0.10 3.18 9.203 1547.55 2932.75 6.103 
Developing 15,000 0.11 3.18 8.238 1909.57 2955.85 5.138 
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Table 26- Axial Velocity distribution along the axial centerline of the 3-D One-Domain model 
for developing and fully developed flows for Run 3D-H2-1DM-III 
Axial Distance, x 
[m] 
Axial Velocity, u 
[m/s] (Developing 
Flow) 








0 148.00 183.594 35.594 0.193873 
0.1 245.927 263.868 17.941 0.067992 
0.2 330.802 355.328 24.526 0.069024 
0.3 447.439 457.331 9.892 0.02163 
0.4 578.995 562.284 16.711 0.02972 
0.5 705.456 673.736 31.72 0.047081 
0.6 839.078 797.028 42.05 0.052758 
0.7 990.475 936.289 54.186 0.057873 
0.8 1166.18 1098.56 67.62 0.061553 
0.9 1379.04 1296.25 82.79 0.063869 
1.0 1654.93 1554.81 100.12 0.064394 
1.1 2060.86 1942.71 118.15 0.060817 
1.2 2955.85 2932.75 23.1 0.007877 
 
 
Figure 19- Comparison of Axial Velocity distribution along the axial centerline of the 3-D One-
Domain model for developing and fully developed flows for Run 3D-H2-1DM-III  

































Figure 20- Comparison of Velocity Profile at the inlet of the 3-D One-Domain model for 
developing and fully developed flows 
 
Figure 21- Comparison of Velocity Profile at the outlet of the 3-D One-Domain model for 
developing and fully developed flows 












































Figure 22- Fluid Temperature Contour plot along the axial length of the 3-D One-Domain model 


























temperature: 431.122 693.589 956.055 1218.52 1480.99 1743.45 2005.92 2268.39




Figure 23- Fluid Temperature Contour plot along the axial length of the 3-D One-Domain model 
for developed flow 
 
  






















temperature: 431.122 693.589 956.055 1218.52 1480.99 1743.45 2005.92 2268.39
































x-velocity: 183.232 549.696 916.159 1282.62 1649.09 2015.55 2382.01 2748.48
































x-velocity: 183.232 549.696 916.159 1282.62 1649.09 2015.55 2382.01 2748.48
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6.2.4 Turbulence Model Study for 3-D One-Domain Model 
 In this study, a 3-D one domain model is used to study the effects of different turbulence 
models in the distribution of pressure, temperature and velocity of gaseous hydrogen flowing in 
the channel.  
 
Table 27- Turbulence Model Study for 3-D One-Domain Steady State Case  
[dx = 5x10-4 m, Mesh size = 348,000, nf = 5, turbulent, constant properties] 
 
 Results 

























k-e 0.109 3.18 8.503 2071.73 3125.43 5.403 
Spalart-
Allmaras 
0.11 3.18 8.357 1937.03 2906.15 5.257 
k-omega 0.11 3.18 8.322 1920.42 2956.21 5.222 
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Table 28- Axial Velocity distribution along the axial centerline of the 3-D One-Domain model 
for Spalart-Allmaras, k-omega, k-epsilon for Run 3D-H2-1DM-VI 
Axial Distance, x 
[m] 
Axial Velocity, u 
[m/s] 
(Spalart-Allmaras) 
Axial Velocity, u 
[m/s] 
(k-omega) 
Axial Velocity, u 
[m/s] 
(k-epsilon) 
0 146.372 146.969 147.362 
0.1 193.119 197.657 195.325 
0.2 249.17 254.299 252.544 
0.3 339.801 345.145 343.887 
0.4 462.477 467.763 467.13 
0.5 614.662 622.93 621.946 
0.6 792.794 809.638 803.191 
0.7 994.443 1017.35 1005.99 
0.8 1219.43 1245.22 1231.64 
0.9 1471.77 1501.44 1484.61 
1.0 1765.81 1800.46 1779.53 
1.1 2149.31 2191.27 2164.7 
1.2 2906.15 2956.21 2921.21 
 
 
Figure 26- Comparison of Axial Velocity distribution along the axial centerline of the 3-D One-
Domain model for Spalart-Allmaras, k-omega, k-epsilon for Run 3D-H2-1DM-VI  
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Table 29- Fluid Temperature distribution along the axial centerline of the 3-D One-Domain 
















0 299.241 299.235 299.231 
0.1 315.422 311.064 314.329 
0.2 387.58 372.039 379.197 
0.3 505.719 464.015 478.36 
0.4 672.936 586.809 618.893 
0.5 883.648 757.086 819.636 
0.6 1119.37 1003.16 1075.59 
0.7 1358.29 1291.64 1334.11 
0.8 1582.04 1542.86 1567.16 
0.9 1774.21 1746.03 1764.15 
1.0 1918.72 1897 1911.51 
1.1 1995.76 1978.02 1990.02 
1.2 1937.03 1920.42 1931.81 
 
 
Figure 27- Comparison of Fluid Temperature distribution along the axial centerline of the 3-D 
One-Domain model for Spalart-Allmaras, k-omega, k-epsilon for Run 3D-H2-1DM-VI 
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6.2.5 Different Pipe Material Study for 3-D Two-Domain Model 
 In this study, a 3-D two-domain model is simulated with different pipe material. The 
outlet results are shown in Table 30. A quantitative comparison of temperature distribution is 
presented in Table 31.  
Table 30- Different Pipe Material Study for 3-D Two-Domain Steady State Case  
[dx = 1x10-3 m, Mesh size = 212,577, nf = 5, ns = 1, turbulent, variable properties] 
 
 Results 
























Aluminum 0.107 3.18 8.608 2076.78 2450.66 3132.65 
Steel 0.107 3.18 8.608 2076.79 2450.67 3132.66 
 
 
Table 31- Fluid Temperature distribution along the axial centerline of the 3-D Two-Domain 
models for Aluminum and Steel for Run 3D-H2-2DM-VII 










Difference, ∆T [K] 
% Deviation 
0 299.284 299.284 0 0 
0.1 315.919 315.918 0.001 3.16538E-06 
0.2 385.417 385.422 0.005 1.29728E-05 
0.3 488.444 488.472 0.028 5.73216E-05 
0.4 631.156 631.237 0.081 0.000128319 
0.5 842.248 842.398 0.15 0.000178063 
0.6 1135.79 1135.92 0.13 0.000114445 
0.7 1434.05 1434.1 0.05 3.48651E-05 
0.8 1693.32 1693.35 0.03 1.77164E-05 
0.9 1909.86 1909.87 0.01 5.23596E-06 
1.0 2071.09 2071.1 0.01 4.82835E-06 
1.1 2155.61 2155.62 0.01 4.63904E-06 
1.2 2076.78 2076.79 0.01 4.81512E-06 
 




Figure 28- Comparison of Fluid Temperature distribution along the axial centerline of the 3-D 
Two-Domain models for Aluminum and Steel for Run 3D-H2-2DM-VII 
  


























   
64 
 
6.3 Heat Flux Study 
 In this study, a 1-D model, 3-D one domain model, and 3-D two domain model were all 
subjected to different constant and variable heat fluxes. All the models had similar boundary and 
initial conditions. The inlet temperature of the gaseous hydrogen is 300 K, the inlet mass flow 
rate is 0.005 kg/s and the outlet pressure is set to 3.1 MPa. Pressure, velocity, and temperature 
distributions are compared between constant and variable heat flux cases for different magnitude 
of heat flux. Table 32 presents all the different heat fluxes used for this study. 
A 1-D model with 41x41 mesh size and a time increment of 5x10-6 sec is used to study 
the effects of constant and variable heat flux in a 1-D model. The model is set to similar initial 
and boundary conditions as that of the 3-D one domain and 3-D two domain models with a 
coefficient of friction of 0.99. A quantitative comparison for temperature distribution between 
constant and variable heat fluxes is shown in Table 33 
Table 32- Heat Flux Study for 1-D Unsteady State Case  
[IN = 41, ∆t = 5x10-6 sec, Cf = 0.99, turbulent, constant properties] 
 Results 




























Adiabatic 0 0.26 3.18 3.55 288.20 372.92 0.45 




1,600 0.23 3.18 3.96 486.37 629.31 0.86 
3,000 0.21 3.18 4.29 653.75 845.73 1.19 
7,000 0.18 3.18 5.14 1107.57 1430.28 2.04 
14,300 0.14 3.18 6.45 1874.00 2396.06 3.35 
18,000 0.13 3.18 7.03 2255.68 2844.89 3.93 
        
 
Variable 
18,000 0.14 3.18 6.55 1913.41 2449.96 3.45 
20,000 0.136 3.18 6.82 2083.66 2650.72 3.72 
22,000 0.13 3.18 7.08 2253.74 2846.60 3.98 
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Table 33- Mean Fluid Temperature distribution along the axial length of the 1-D model for Qcst = 
14,299 kW/m2 and Qmax = 22,000 kW/m2 for Run 1D-H2-IV 
Axial Distance, x 
[m] 
Mean Fluid 
Temperature, Tm [K] 
Qcst = 14,299.422 
kW/m2 
Mean Fluid 
Temperature, Tm [K]  
Qmax = 22,000 
kW/m2 
Fluid Temperature 
Difference, ∆T [K] 
% Deviation 
0 300.00 300.00 0 0 
0.1 444.529 424.287 20.242 0.047708 
0.2 635.998 627.748 8.25 0.013142 
0.3 777.652 804.590 26.938 0.03348 
0.4 917.299 997.140 79.841 0.08007 
0.5 1099.55 1267.99 168.44 0.13284 
0.6 1232.51 1472.75 240.24 0.163123 
0.7 1361.33 1670.51 309.18 0.185081 
0.8 1524.50 1909.62 385.12 0.201674 
0.9 1637.88 2059.94 422.06 0.204889 
1.0 1739.74 2175.51 435.77 0.200307 
1.1 1844.63 2253.54 408.91 0.181452 
1.2 1874.00 2216.63 342.63 0.154572 
 
 
Figure 29- Comparison of Mean Fluid Temperature distribution along the axial length of the 1-D 
model for Qcst = 14,299 kW/m2 and Qmax = 22,000 kW/m2 for Run 1D-H2-IV 
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Also, a 3-D one domain model with a mesh size of 348,000 cells and axial cell size of 
5x10-4 m is used to study the effects of constant and variable heat flux in a 3-D one domain 
model. The model is set to similar initial and boundary conditions as that of the 1-D and 3-D two 
domain models. Table 34 lists all the heat fluxes used for this particular study. A quantitative 
comparison for temperature distribution between constant and variable heat fluxes is shown in 
Table 35. 
 
Table 34- Heat Flux Study for 3-D One-Domain Steady State Case  
[dx = 5x10-4 m, Mesh size = 348,000, nf = 5, turbulent, variable properties] 
 Results 





























Adiabatic 0 0.21 3.18 4.32 294 438 1.22 




1,600 0.19 3.18 4.89 490 745 1.79 
3,000 0.17 3.18 5.32 650 1000 2.22 
7,000 0.14 3.18 6.49 1100 1700 3.39 
14,299 0.11 3.18 8.12 1831 2850 5.02 
18,000 0.10 3.18 9.0 2195 3400 5.90 
22,000 0.095 3.18 9.7 2550 3900 6.6 
        
 
Variable 
18,000 0.12 3.18 7.70 1650 2550 4.60 
20,000 0.115 3.18 8.0 1800 2740 4.90 
22,000 0.111 3.18 8.30 1930 2950 5.20 
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Table 35 - Fluid Temperature distribution along the axial centerline of the 3-D One-Domain 
model for Qcst = 14,299 kW/m2 and Qmax = 22,000 kW/m2 for Run 3D-H2-1DM-III 















0 299.206 299.231 -0.025 8.35475E-05 
0.1 323.741 314.329 9.412 0.029943149 
0.2 379.145 379.197 -0.052 0.000137132 
0.3 516.261 478.36 37.901 0.079231123 
0.4 750.259 618.893 131.366 0.212259631 
0.5 978.287 819.636 158.651 0.193562752 
0.6 1142.68 1075.59 67.09 0.062375069 
0.7 1295.75 1334.11 -38.36 0.028753251 
0.8 1443.87 1567.16 -123.29 0.078670972 
0.9 1585.78 1764.15 -178.37 0.101108182 
1.0 1717.12 1911.51 -194.39 0.101694472 
1.1 1824.89 1990.02 -165.13 0.082979066 
1.2 1831.41 1931.81 -100.4 0.051971985 
 
 
Figure 30- Comparison of Fluid Temperature distribution along the axial centerline of the 3-D 
One-Domain model for Qcst = 14,299 kW/m2 and Qmax = 22,000 kW/m2 for Run 3D-H2-1DM-III 


























   
68 
 
A 3-D two domain model with a mesh size of 212,577 cells and axial cell size of 1x10-3 
m is used to study the effects of constant and variable heat flux in a 3-D two domain model. The 
model is set to similar initial and boundary conditions as that of the 1-D and 3-D one domain 
models. A comparison of outlet temperature, outlet velocity and inlet pressure between different 
heat fluxes is shown in Table 36. 
 
Table 36- Heat Flux Study for 3-D Two-Domain Steady State Case  
[dx = 1x10-3 m, Mesh size: 212,577, nf = 5, ns = 1, turbulent, variable properties] 
 Results 





























Adiabatic 0 0.22 3.18 4.30 294 437 1.20 




1,600 0.19 3.18 4.89 505 760 1.79 
3,000 0.31 3.18 5.35 680 1005 2.25 
7,000 0.13 3.18 6.55 1170 1800 3.45 
14,299 0.11 3.18 8.41 1968 3057 5.31 
18,000 0.10 3.18 9.24 2350 3675 6.14 
22,000 0.092 3.18 10.1 2750 4225 7.0 
        
 
Variable 
18,000 0.115 3.18 8.0 1795 2700 4.90 
20,000 0.112 3.18 8.25 1920 2900 5.15 
22,000 0.108 3.18 8.60 2075 3200 5.40 
 
 
Similarly, for 3-D Two-domain model, the total heat input with a variable heat flux is 
22000 kW/m2 is 210662.637 W. To compare the difference in predicted results between the 
constant and variable heat flux, the model is run with a constant heat flux of 14299 kW/m2, 
which is the average of 22.000 kW/m2 variable heat flux. The quantitative comparison of 
temperature distribution is shown in Table 37. 
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Table 37- Fluid Temperature distribution along the axial centerline of the 3-D Two-Domain 
model for Qcst = 14,299 kW/m2 and Qmax = 22,000 kW/m2 for Run 3D-H2-2DM-III 















0 299.26 299.284 -0.024 0.008019 
0.1 324.941 315.918 9.023 2.856121 
0.2 383.712 385.422 -1.71 0.44367 
0.3 543.773 488.472 55.301 11.32122 
0.4 752.901 631.237 121.664 19.2739 
0.5 1034.9 842.398 192.502 22.85167 
0.6 1226.5 1135.92 90.58 7.974153 
0.7 1395.73 1434.1 -38.37 2.675546 
0.8 1558.71 1693.35 -134.64 7.951103 
0.9 1714.7 1909.87 -195.17 10.21902 
1.0 1858.8 2071.1 -212.3 10.25059 
1.1 1975.99 2155.62 -179.63 8.333101 
1.2 1967.62 2076.79 -109.17 5.25667 
 
 
Figure 31- Comparison of Fluid Temperature distribution along the axial centerline of the 3-D 
Two-Domain model for Qcst = 14,299 kW/m2 and Qmax = 22,000 kW/m2 for Run 3D-H2-2DM-
III 
































NTR Channel Flow Simulations – Results for Benchmark Case Study 
 
  
In this study, a1-D mode and two 3-D commercial CFD models are simulated under same 
initial and boundary conditions. Gaseous hydrogen is the working fluid in the channel with an 
inlet temperature of 300 K and a set mass flow rate of 0.005 kg/s. The outlet pressure of the fluid 
is set to 3.1 MPa. The inner surface of the pipe is stationary with no slip conditions. For the CFD 
models, a coupled scheme is used for pressure-velocity coupling and second order upwind is set 
for spatial discretization of pressure, density, momentum, k, e, and energy.  
 
7.1 1-D and 3-D Model Results 
A variable heat flux is applied to the outer surface of the wall that is given by a sine 
function with the maximum magnitude of 22,000 kJ/s-m2 and the distribution is shown in Figure 
32. The minimum heat flux on the wall is 1408 kJ/s-m2. Therefore, the average heat flux applied 
to the wall is 14299.422 kJ/s-m2.   
 




Figure 32- Non-uniform Heat Flux distribution along the length of the cooling channel 
 
7.1.1 1-Dimensional Model Study 
 
A one-dimensional computer model has a 41 x 41 mesh size with a time 
increment of 5 x 10-6 seconds. This computer numerical model is used to simulate the 
unsteady flow with similar run parameters as that of the experimental study so as to 
replicate the results. A heat flux distribution similar to Figure is applied to the 1-D 
computer model to achieve the results similar to that of the experiment. The run 
parameters for this study are presented in Table 38. 
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Table 38- Benchmark Run Parameters for 1-D Model  
[compressible, unsteady, viscous, turbulent, constant properties] 
 
 Run Parameters 


















1D-H2-I.2 5 x10-6 41x41 0.005 300 3.1 22,000 
 
In this study, the outlet pressure of the fluid in the channel is set to 3.1 MPa and the inlet 
pressure is predicted through simulation of the model with the boundary and initial conditions 
shown in Table 1. The inlet pressure is predicted to be 7.079 MPa and decreases along the length 
of the pipe to its set value of 3.1 MPa at the outlet of the pipe. The pressure distribution along the 
channel is shown in Figure 33. 
 
Figure 33- Pressure distribution along the axial length of the 1-D model for Run 1D-H2-I.2 























Also, the density of the gaseous hydrogen decreases from its initial value of 5.805 kg/m3 
at the inlet to 0.345 kg/m3 at the outlet of the channel. Density and pressure are directly 
proportional to each other through ideal gas relation; therefore increase in pressure causes 
density to increase as well. The distribution of density along the length of the channel is shown 
in Figure 34. 
 




























High heat flux also results in high axial velocity of the fluid in the channel. The axial 
velocity increases from 169.971 m/s to 2846.333 m/s. The distribution of the axial velocity of the 
fluid along the length of the channel is shown in Figure 35.  
 
Figure 35- Axial Velocity distribution along the axial length of the 1-D model for Run 1D-H2-I.2 
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The 1-D model has an inlet fluid temperature of 300 K. With the non-uniform heat flux 
applied at the surface of the channel, the temperature of the fluid gradually increases along the 
length of the pipe. The maximum mean temperature of the fluid is 2253.54 K and the mean 
temperature of the fluid at the outlet is 2216.63 K. The mean fluid temperature distribution is 
shown in Figure 36. 
 
Figure 36- Mean Fluid Temperature distribution along the axial length of the 1-D model for Run 
1D-H2-I.2 
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7.1.2 3-D One-Domain Model Study 
A three-dimensional, one domain model created has a similar geometrical 
parameter as that of the experiment. However, the model only has a fluid domain with 5 
layers in radial direction. A mesh generated has a cell size of 5 x 10-4 meters and has 
348,400 cells in total. A heat flux distribution similar to Figure 32 is applied to the 3-D 
one domain model to achieve the results similar to that of the experiment. The run 
parameters for this study are presented in Table 39. 
Table 39- Benchmark Run Parameters for 3-D One-Domain Model  
[steady, compressible, viscous, turbulent, constant properties] 
 
 Run Parameters 

















3D-H2-1DM-I.3 5x10-4 348,400 0.005 300 3.1 22,000 
 
 
Figure 37- Cross-sectional view of the 3-D One-Domain mesh 
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In this case study, the outlet pressure of the fluid in the channel is set to 3.1 MPa and the 
inlet pressure is predicted through simulation of the model with the boundary and initial 
conditions presented in Table 38. The inlet pressure is predicted to be 8.298 MPa and it 
decreases along the length of the pipe to its set value of 3.1 MPa at the outlet of the pipe as 
shown in Figure 40. 
 
Figure 40- Pressure distribution along the axial centerline of the 3-D One-Domain model for Run 
3D-H2-1DM-I.3 
 
Also, the density of the gaseous hydrogen decreases from its initial value of 6.806 kg/m3 
at the inlet to 0.4027 kg/m3 at the outlet of the channel. Density and pressure are directly 
proportional to each other through ideal gas relation; therefore increase in pressure causes 
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density to increase as well. The distribution of density along the length of the channel is shown 
in Figure 41.  
 
 
Figure 41- Density distribution along the axial centerline of the 3-D One-Domain model for Run 
3D-H2-1DM-I.3 
 
High heat flux also results in high axial velocity of the fluid in the channel. The axial 
velocity increases from 147.388 m/s to 2922.03 m/s. The distribution of the axial velocity of the 
fluid along the length of the channel is shown in Figure 42.  























Figure 42- Velocity distribution along the axial centerline of the 3-D One-Domain model for Run 
3D-H2-1DM-I.3 
 
The 3-D, one-domain model has an inlet fluid temperature of 300 K. With the non-
uniform heat flux applied at the surface of the channel, the temperature of the fluid gradually 
increases along the length of the pipe. The maximum temperature of the fluid at the centerline is 
1993.88 K and the maximum mean fluid temperature is 2056.84 K. The centerline fluid 
temperature and the mean fluid temperature distributions are shown in Figure 43 and Figure 44 
respectively. 































Figure 43- Fluid Temperature distribution along the axial centerline of the 3-D One-Domain 
model for Run 3D-H2-1DM-I.3 
 
 




























Figure 44- Mean Fluid Temperature distribution along the axial length of the 3-D One-Domain 
model for Run 3D-H2-1DM-I.3 
 
 
7.1.3 3-D Two-Domain Model Study 
 
The present study employs a three-dimensional, two domain model of a cylindrical pipe. 
It has a diameter of 0.00254 meters and thickness of 0.000125 meters. The solid domain of the 
metal is made of steel. The study conducted for the model uses a pressure-based and steady state 
time solver with a standard k-epsilon viscous model.  
 A three-dimensional model was created using a commercial CFD package to the exact 
geometrical details of the experimental model to replicate the effects of heat flux and mass flow 
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rate in it and compare the results. A mesh generated has a cell size of 1 x 10-3 meters and has 
212,577 cells in total. The two-domain model has 5 layers in the fluid domain and one layer in 
the solid domain in radial direction.  
Table 40- Benchmark Run Parameters for 3-D Two-Domain Model 
[steady, compressible, viscous, turbulent, constant properties] 
 
 Run Parameters 

















3D-H2-2DM-I.3 1x10-3 212,577 0.005 300 3.1 22,000 
 
 
Figure 45- Cross-sectional view of the 3-D Two-Domain mesh 
 




Figure 46- Axial View of the 3-D Two-Domain mesh 
 
 
Figure 47- Isometric View of the 3-D Two-Domain mesh 
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The outlet pressure of the fluid in the channel is set to 3.1 MPa and the inlet pressure is 
predicted through simulation of the model with the boundary and initial conditions above. The 
inlet pressure is calculated to be 8.762 MPa and it decreases along the length of the pipe from its 
predicted value to 3.1 MPa at the outlet of the pipe as shown in Figure 48. 
 
Figure 48- Pressure distribution along the axial centerline of the 3-D Two-Domain model for 
Run 3D-H2-2DM-I.3 
 
Similarly, the density of the gaseous hydrogen also decreases from its initial value of 
7.179 kg/m3 at the inlet to 0.362 kg/m3 at the outlet of the channel. Density and pressure are 
directly proportional to each other through ideal gas relation; therefore increase in pressure 
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causes density to increase as well. The distribution of density along the length of the channel is 
shown in Figure 49.  
 
Figure 49- Density distribution along the axial centerline of the 3-D Two-Domain model for Run 
3D-H2-2DM-I.3 
 
High heat flux also results in high axial velocity of the fluid in the channel. The axial 
velocity increases from 139.74 m/s to 3239.25 m/s. The distribution of the axial velocity of the 
fluid along the length of the channel is shown in Figure 50.  























Figure 50- Velocity distribution along the axial centerline of the 3-D Two-Domain model for 
Run 3D-H2-2DM-I.3 
 
The 3-D Two-Domain model has an inlet fluid temperature of 300 K. With the non-
uniform heat flux applied at the surface of the channel, the temperature of the fluid gradually 
increases along the length of the pipe. The maximum mean fluid temperature is 2313.49 K at 1.1 
meters and the mean temperature of the fluid at the outlet is 2213.71 K. The distribution of the 
mean fluid temperature of the fluid along the length of the channel is shown in Figure 51.  
 




























The 3-D Two-Domain model has different temperature distribution between the inner 
wall and the outer wall of the cooling channel due to the thickness. The wall temperatures are 
much higher as compared to the temperature of the fluid flowing inside. The outer wall and the 
inner wall have a maximum temperature of 2653.06 K and 2525.01 K respectively. The outer 
wall and the inner wall temperature converge at the outlet of the cooling channel at around 2386 
K. The comparison of wall temperature distribution between the inner and the outer wall is 
shown in Figure 52.  
































Figure 52- Temperature distribution along the axial length of the 3-D Two-Domain model for the 
inner and outer walls for Run 3D-H2-2DM-I.3 
 
The temperature profile at the outlet of the pipe is shown in Figure 53. The outer-wall 
temperature of the pipe is 2424.90 K and the inner-wall temperature is 2386 K. The centerline 
temperature is 2075.96 K. Similarly, the velocity profile at the outlet of the pipe is shown in 
Figure 54. Since, the pipe has no moving boundary and no slip conditions the velocity at the 
interface is zero. The maximum velocity of the fluid at the outlet is at the centerline of the pipe 
and has a magnitude of 3135.67 m/s. 
 





































































Also, temperature and velocity contours for the gaseous hydrogen gas flowing in the 

























Figure 55- Fluid Temperature Contour for along the axial length of the 3-D Two-Domain model 
for Run 3D-H2-2DM-I.3 
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Figure 56 - Cross-sectional view of the Fluid Temperature Contour at the center of the 3-D Two-Domain 
model for Run 3D-H2-2DM-I.3 
  
Figure 57- Cross-sectional view of the Fluid Temperature Contour at the exit of the 3-D Two-Domain 










































temperature: 1800 1895.32 1990.64 2085.96 2181.28 2276.59 2371.91































x-velocity: 195.916 587.749 979 .581 1371 .41 1763.25 2155.08 2546.91 2938.74




Figure 59- Cross-sectional view of the Axial Velocity Contour at the center of the 3-D Two-Domain 
model for Run 3D-H2-2DM-I.3 
 
Figure 60- Cross-sectional view of the Axial Velocity Contour at the exit of the 3-D Two-Domain model 










































x-velocity: 0 419.926 839.853 1259.78 1679.71 2099.63 2519.56 2939.48
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7.2 Comparison of Results    
7.2.1 Comparison of the 1-D Model with the 3-D One-Domain Model 
Distributions of pressure, density, velocity and temperature for one-dimensional model 
and the 3-D one-domain model are conducted through Figure 61 through Figure 64. Both the 
models have similar initial conditions and same amount of non-uniform heat flux applied to 
them. In Figure 61, the inlet pressure for the 3-D one-domain model is 8.30 MPa which is higher 
compared to the one-dimensional model’s inlet pressure of 7.08 MPa. The quantitative 
comparison of the pressure distribution is shown in Table 41. 
 
Table 41- Pressure distribution along the axial length of the 1-Dimensional and 3-D One-Domain 
model for benchmark case 
Axial Distance, x 
[m] 
Pressure, P [MPa] 
One-Dimensional 
Model 







0 7.079 8.30 1.221 0.147108 
0.1 6.99 8.22 1.23 0.149635 
0.2 6.83 8.12 1.29 0.158867 
0.3 6.68 7.98 1.3 0.162907 
0.4 6.50 7.78 1.28 0.164524 
0.5 6.21 7.54 1.33 0.176393 
0.6 5.97 7.23 1.26 0.174274 
0.7 5.68 6.85 1.17 0.170803 
0.8 5.26 6.40 1.14 0.178125 
0.9 4.89 5.86 0.97 0.165529 
1.0 4.32 5.21 0.89 0.170825 
1.1 3.79 4.40 0.61 0.138636 
1.2 3.1 3.1 0 0 
 
 




Figure 61- Comparison of Pressure distribution along the axial length of the 1-Dimensional and 
3-D One-Domain model for benchmark case 
 
Similarly, the density of the fluid is also higher in case of the 3D model compared to that 
of the one-dimensional model as shown in Figure 62. The 3-D one-domain model has an inlet 
density of 6.807 kg/m3 whereas the one-dimensional model has 5.80 kg/m3. The comparison of 
























Pressure - 3D One-Domain
Pressure - 1-D
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Table 42- Density distribution along the axial length of the 1-Dimensional and 3-D One-Domain 
model for benchmark case 
Axial Distance, x 
[m] 
Density, ρ [kg/m3] 
One-Dimensional 
Model 




Difference, ∆ ρ 
[kg/m3] 
% Deviation 
0 5.805 6.807 1.002 0.147201 
0.1 4.054 6.426 2.372 0.369125 
0.2 2.677 5.260 2.583 0.491065 
0.3 2.042 4.096 2.054 0.501465 
0.4 1.604 3.091 1.487 0.481074 
0.5 1.206 2.260 1.054 0.466372 
0.6 0.997 1.653 0.656 0.396854 
0.7 0.837 1.264 0.427 0.337816 
0.8 0.677 1.006 0.329 0.327038 
0.9 0.584 0.819 0.235 0.286935 
1.0 0.506 0.674 0.168 0.249258 
1.1 0.414 0.548 0.134 0.244526 
1.2 0.345 0.402 0.057 0.141791 
 
 
Figure 62- Comparison of Density distribution along the axial length of the 1-Dimensional and 
3-D One-Domain model for benchmark case 
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The inlet axial velocity for both one-dimensional and the 3D model is 300 m/s. However, 
the 3-D one-domain model has an axial velocity 2921.21 m/s at the outlet and the one-
dimensional model has an outlet axial velocity of 2846.60 m/s as shown in Figure 63. The 
quantitative comparison of velocity distribution between the one-dimensional and the 3D model 
is shown in Table 43. 
 
Table 43- Axial Velocity distribution along the axial length of the 1-Dimensional and 3-D One-
Domain model for benchmark case 
Axial Distance, x 
[m] 












0 169.97 147.36 22.61 0.153434 
0.1 242.72 195.32 47.4 0.242679 
0.2 367.74 252.54 115.2 0.456165 
0.3 481.99 343.88 138.11 0.401623 
0.4 613.72 467.13 146.59 0.31381 
0.5 816.053 621.94 194.113 0.312109 
0.6 987.33 803.19 184.14 0.229261 
0.7 1175.24 1005.99 169.25 0.168242 
0.8 1453.029 1231.64 221.389 0.179751 
0.9 1685.29 1484.61 200.68 0.135174 
1.0 1945.92 1779.53 166.39 0.093502 
1.1 2373.92 2164.7 209.22 0.096651 








Figure 63- Comparison of the Axial Velocity distribution along the axial length of the 1-
Dimensional and 3-D One-Domain model for benchmark case 
 
Finally, the mean fluid temperature distribution between the one-dimensional model and 
the 3D model is shown in Figure 64. Both the models have an inlet fluid temperature of 300 K. 
With the non-uniform heat flux applied at the surface of the channel, the temperature of the fluid 
gradually increases along the length of the pipe. The maximum temperature of the fluid for one-
dimensional and the 3-D one-domain model are 2253.74 K and 2056.84 K respectively. The 
mean fluid temperature at the outlet for the one-dimensional model is 2216.63 K and that for the 
base model is 1989.1 K.  The quantitative values of temperature along the length of the channel 
for both one-dimensional and 3D model are shown in Table 44. 


























Axial Velocity - 3D One-Domain
Axial Velocity - 1D
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Table 44- Fluid Temperature distribution along the axial length of the 1-Dimensional and 3-D 
One-Domain model for benchmark case 
Axial Distance, x 
[m] 
Temperature, Tm [K] 
One-Dimensional 
Model 




Difference, ∆T [K] 
% Deviation 
0 300 299.23 0.77 0.002573 
0.1 424.28 339.21 85.07 0.250789 
0.2 627.74 439.40 188.34 0.42863 
0.3 804.59 596.87 207.72 0.348015 
0.4 997.14 797.92 199.22 0.249674 
0.5 1267.99 1019.87 248.12 0.243286 
0.6 1472.75 1247.82 224.93 0.180258 
0.7 1670.51 1474.98 195.53 0.132565 
0.8 1909.62 1686.11 223.51 0.13256 
0.9 2059.94 1863.96 195.98 0.105142 
1.0 2175.51 1992.95 182.56 0.091603 
1.1 2253.41 2055.13 198.28 0.096481 
1.2 2216.63 1989.1 227.53 0.114388 
 
 
Figure 64- Comparison of the Mean Fluid Temperature distribution along the axial length of the 
1-Dimensional and 3-D One-Domain model for benchmark case   
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7.2.2  Comparison of 3-D Two Domain Model to the Experimental Results 
 
A comparative study between the experimental model and 3-D Two-Domain 
model is conducted in this study. The 3-D two-domain model is simulated with the 
benchmark initial and boundary conditions (Table 40) to achieve maximum accuracy 
with the experimental results. Mean fluid temperature and wall temperatures are 
compared between the two models. Temperatures at the outlet for both the models are 




Table 45- Comparison of results between 3-D Two-Domain model and the Experiment  
 Results 


















8.50 2425 2200 3150 
 
Table 46 presents the quantitative distribution of mean fluid temperature along the axial 
length of the channel in the experimental and the base model. Both the models have almost 
identical inlet temperatures with the experimental value at 300 K and the base model value at 
299.31 K. The mean fluid temperatures in both the model gradually increases along the length of 
the channel. Both the models reach their respective maximum temperature at 1.1 meters of the 
channel. At this point, the experimental model reaches 2425 K and the base model is at 2312.17 
K. The mean fluid temperatures at the outlet for the experimental model and the base model are 
2400 K and 2213.71 K respectively. The results are graphically shown in Figure 65.  
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Table 46- Mean Fluid Temperature along the axial length of the 3-D Two-Domain model and the 
experiment 
Axial Distance, x 
[m] 
Mean Fluid 








Difference, ∆Tm [K] 
% Deviation 
0 299.31 300 -0.69 0.23 
0.1 345.24 390 -44.76 11.47692 
0.2 460.88 490 -29.12 5.942857 
0.3 645.62 700 -54.38 7.768571 
0.4 884.18 950 -65.82 6.928421 
0.5 1142.17 1250 -107.83 8.6264 
0.6 1396.17 1450 -53.83 3.712414 
0.7 1650.23 1750 -99.77 5.701143 
0.8 1891.22 2000 -108.78 5.439 
0.9 2094.95 2175 -80.05 3.68046 
1.0 2242.47 2350 -107.53 4.575745 
1.1 2312.17 2425 -112.83 4.652784 
1.2 2213.71 2400 -186.29 7.762083 
 
 
Figure 65- Comparison of the Mean Fluid Temperature along the axial length of the 3-D Two-
Domain model and the experiment 
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The quantitative comparison of wall temperature along the axial length of the pipe for the 
experiment and the base model is presented in Table 47. The wall temperature of the 
experimental model at the inlet is 300 K whereas; the base model has a wall temperature of 
324.55 K. The wall temperature for both the models reach maximum at 1.0 meter. The 
experimental mode has a maximum wall temperature of 2550 K and the base model has the 
maximum wall temperature of 2643.81 K.  The wall temperature of experimental model at the 
outlet is 2400 K and that of the base model is 2476.6 K. The results are graphically compared in 
Figure 66.  
 
Table 47- Wall Temperature along the axial length of the 3-D Two-Domain model and the 
experiment 










Difference, ∆Tw [K] 
% Deviation 
0 324.55 300 24.55 8.183333 
0.1 596.9 600 -3.1 0.516667 
0.2 944.71 800 144.71 18.08875 
0.3 1329.09 1100 229.09 20.82636 
0.4 1680.14 1450 230.14 15.87172 
0.5 1958.36 1825 133.36 7.307397 
0.6 2162.18 2000 162.18 8.109 
0.7 2335.33 2250 85.33 3.792444 
0.8 2488.9 2450 38.9 1.587755 
0.9 2597.3 2500 97.3 3.892 
1.0 2643.81 2550 93.81 3.678824 
1.1 2619.78 2500 119.78 4.7912 









Figure 66- Comparison of the Wall Temperature along the axial length of the 3-D Two-Domain 
model and the experiment 
 
7.2.3  Comparison of CFD Models with the Experiment 
All the models are simultaneously run for the same initial and boundary 
conditions to simulate the results from the experimental model. The description of each 
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Figure 67 shows the comparison of the results for the mean fluid temperature from all the 
models used in the present experiment with the experimental model. The mean fluid 
temperatures at the inlet for all the models are very identical with a deviation of. The temperature 
in all the models gradually increases along the length of the channel. At 1.1 meters, the 
experimental model has the highest mean fluid temperature of 2425 K. At the outlet, the 
experimental model has the highest mean fluid temperature of 2400 K and the 3-D two-domain 
(base) model and the one-dimensional model have quite identical mean fluid temperature at the 
outlet with 2213.71 K and 2216.63 K respectively.  The quantitative comparison of mean fluid 
temperature distribution from the 1-D, 3-D One-Domain, 3-D Two-Domain, and the 
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Table 49- Mean Fluid Temperature distribution along the axial length of the 1-D model, 3-D 















0 300 299.31 300 
0.1 424.28 345.24 390 
0.2 627.74 460.88 490 
0.3 804.59 645.62 700 
0.4 997.14 884.18 950 
0.5 1267.99 1142.17 1250 
0.6 1472.75 1396.17 1450 
0.7 1670.51 1650.23 1750 
0.8 1909.62 1891.22 2000 
0.9 2059.94 2094.95 2175 
1.0 2175.51 2242.47 2350 
1.1 2253.41 2312.17 2425 
1.2 2216.63 2213.71 2400 
 
 
Figure 67- Comparison of the Mean Fluid Temperature distribution along the axial length of the 
1-D model, 3-D Two-Domain model, and the experiment 
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In this study, a 3-D two-domain model with an axial cell size (dx) of 1 x 10-3 
meters and 212,577 cells is chosen from the mesh independence study for the parametric 
study. The study focuses on the effects of boundary and initial conditions on the 
distributions on pressure, velocity and temperature along the channel.   
 
8.1 Effects of Different Inlet Mass Flow Rate 
In this study, a three-dimensional, two domain (base) model is used to study the 
effect of inlet mass flow rate.  The model has a fluid domain with 5 layers in radial 
direction and a solid domain with one layer. A mesh generated has a cell size of 1 x 10-3 
meters and has 212,577 cells in total. The variable parameter for this study is presented in 
Table 50. 
Table 50- Inlet Mass Flow Rate study for 3-D Two-Domain model 
 [dx = 1x10-3 m, Mesh size = 212,577, nf = 5, ns = 1, turbulent, constant properties] 
 
 Results 


























4.0 0.097 2.54 7.62 2597.69 3145.17 4.50 
5.0 0.107 3.18 8.60 2076.79 3132.66 5.50 
6.0 0.12 3.81 9.35 1724.06 3099.28 6.25 
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In this study, as the mass flow rate of the gaseous hydrogen increases the inlet pressure 
increases as well. The inlet pressure for an inlet mass flow rate of 0.004 kg/s is 7.620 MPa 
whereas the inlet pressure for the mass flow rate of 0.005 kg/s is 8.609 MPa. As, the mass flow 
rate increases to 0.006 kg/s the pressure also goes up to 9.346 MPa. This is due to the fact that 
mass flow rate is directly proportional to the density of the fluid, and density is directly 
proportional to pressure. Therefore, increase in mass flow rate results in the increase in pressure. 
In this case, the exit velocity of for the 3-D two-domain model decreases as mass flow 
rate increases. This is due to the fact that pressure and density are both increasing with the 
increase in mass flow rate. So, the increase in density results in the decrease in the exit velocity 
from 3145.17 m/s (for 0.004 kg/s) to 3099.28 m/s (for 0.006 kg/s). Similarly, the fluid 
temperature for the 3-D two-domain model decreases as mass flow rate increases. This is due to 
the fact that temperature is inversely proportional to pressure. Therefore, increase in mass flow 
rate results in the increase in density and pressure, which in turn decreases the temperature. From 
Table 51, the fluid temperature at the exit decreases from 2597.69 K (for 0.004 kg/s) to 1724.06 
K (for 0.006 kg/s). Comparison between temperature distributions along the axial length with 
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Table 51- Fluid Temperature distribution along the axial centerline of the 3-D Two-Domain 
model for mdot = 0.004 kg/s, mdot = 0.005 kg/s, mdot = 0.006 kg/s for Run 3D-H2-2DM-V 




(mdot = 0.004 kg/s) 
Fluid Temperature, 
Tf [K] 
(mdot = 0.005 kg/s) 
Fluid Temperature, 
Tf [K] 
(mdot = 0.006 kg/s) 
0 299.423 299.284 299.135 
0.1 318.856 315.918 312.375 
0.2 396.694 385.422 371.533 
0.3 496.83 488.472 461.644 
0.4 622.345 631.237 586.778 
0.5 844.483 842.398 760.563 
0.6 1169.46 1135.92 987.614 
0.7 1638.97 1434.1 1226.77 
0.8 2026.38 1693.35 1442.86 
0.9 2308.81 1909.87 1624.3 
1.0 2517.46 2071.1 1758.86 
1.1 2634.66 2155.62 1826.77 
1.2 2597.69 2076.79 1724.06 
 
 
Figure 68- Comparison of  Fluid Temperature distribution along the axial centerline of the 3-D 
Two-Domain model for mdot = 0.004 kg/s, mdot = 0.005 kg/s, mdot = 0.006 kg/s for Run 3D-H2-
2DM-V   



























Mass Flow Rate = 0.005 kg/s
Mass Flow Rate = 0.004 kg/s
Mass Flow Rate = 0.006 kg/s
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8.2 Effects of Different Heat Flux 
 
In this study, a three-dimensional, two domain (base) model is used to study the effect of 
variable heat flux.  Predicted pressure, axial velocity and fluid temperature distribution are 
compared between different heat fluxes. The variable parameter for the study is shown in Table 
52. 
Table 52- Heat Flux study for 3-D Two-Domain model 
 [dx = 1x10-3 m, Mesh size = 212,577, nf = 5, ns = 1, turbulent, constant properties] 
 
  Results 































0.11 3.18 20,00 8.25 1920 2900 5.15 
0.107 3.18 22,000 8.60 2076 3132 5.50 
0.095 3.18 30,000 9.67 2642 4126 6.57 
 
 
From the result tables, we can conclude that the increase in heat flux is directly 
proportional to the increase in the inlet pressure in the 3-D two-domain model. Initially, at 18000 
kW/m2, the inlet pressure of the fluid in the channel is 7.973 MPa. As the heat flux is increased 
to 20000 kW/m2, the pressure goes up to 8.297 MPa and finally for 22,000 kW/m2 the pressure is 
8.609 MPa. Similarly, the fluid temperature increases with the increase in heat flux. Since, 
temperature is directly proportional to pressure through ideal gas relation, increase in pressure 
results in the increase of temperature. Therefore, as the heat flux increases from 18000 kW/m2 to 
22000 kW/m2, temperature also increase from 1783.53 K to 2076.79. A quantitative comparison 
between the temperature distributions along the axial length of the model for different non-
uniform heat fluxes is shown in Table 53.   
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Table 53- Fluid Temperature distribution along the axial centerline of the 3-D Two-Domain 
model for Qmax = 20,000 kJ/s-m2, Qmax = 22,000 kJ/s-m2, Qmax = 30,000 kJ/s-m2 for Run 3D-H2-
2DM-III.3 












(Qmax = 30,000 
kJ/s-m2) 
0 299.168 299.23 299.43 
0.1 313.374 314.689 319.95 
0.2 373.766 379.898 400.40 
0.3 468.578 479.822 495.20 
0.4 603.581 621.354 641.21 
0.5 787.501 822.475 913.90 
0.6 1009.15 1077.62 1241.71 
0.7 1234.6 1335.33 1754.22 
0.8 1442.16 1567.86 2187.05 
0.9 1618.93 1764.44 2490.09 
1.0 1751.66 1911.42 2708.87 
1.1 1823.53 1989.59 2819.83 
1.2 1783.53 1931.41 2641.28 
 
 
Figure 69- Comparison of Fluid Temperature distribution along the axial centerline of the 3-D 
Two-Domain model for Qmax = 20,000 kJ/s-m2, Qmax = 22,000 kJ/s-m2, Qmax = 30,000 kJ/s-m2 
for Run 3D-H2-2DM-III.3 



























Heat Flux = 22000 kW/m2
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Heat Flux = 30000 kW/m2
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8.3 Effects of Different Inlet Fluid Temperature  
 
In this study, a three-dimensional, two domain (base) model is used to study the effect of 
different inlet fluid temperature.  Predicted pressure, axial velocity and fluid temperature 
distribution are compared between different inlet fluid temperature runs studies. The variable 
parameter for the study is shown in Table 54 along with the predicted results at the outlet of the 
channel. 
Table 54- Inlet Temperature study for 3-D Two-Domain model 
 [dx = 1x10-3 m, Mesh size = 212,577, nf = 5, ns = 1, turbulent, constant properties] 
 
 Results 


























300 0.11 3.18 8.60 2076.79 3132.66 5.50 
400 0.12 3.18 8.83 2151.2 3241.35 5.73 
500 0.13 3.18 9.04 2225.13 3348.83 5.94 
 
Pressure is directly proportional to temperature through ideal gas relation. Therefore, 
increase in temperature results in the increase in pressure. In this case, the inlet temperature 
increases from 300 K to 500 K, so through ideal gas relation the pressure also increases from 
8.609 MPa to 9.047 MPa. 
Increasing the inlet temperature of the flow increases the pressure of the flow at the inlet, 
which result in the increase of the temperature at the outlet. The flow with an inlet temperature of 
300 K has an exit temperature of 2076.79 K, and the temperature gradually increases with the 
increase in inlet flow temperature. For a flow with an inlet temperature of 400 K, the exit 
temperature is 2151.2 K and for the flow with an inlet temperature of 500 K, the exit temperature 
   
114 
 
is 2225.13 K. Table 55 shows a quantitative distribution of fluid temperature along the axial 
length of the model. A figurative comparison is shown in Figure 70.  
Table 55- Fluid Temperature distribution along the axial centerline of the 3-D Two-Domain 
model for Ti = 300 K, Ti = 400 K, Ti = 500 K for Run 3D-H2-2DM-VI 















Temperature, Ti = 
500 K) 
0 299.284 398.793 498.205 
0.1 315.918 416.394 516.249 
0.2 385.422 491.628 594.32 
0.3 488.472 611.413 721.043 
0.4 631.237 781.552 898.414 
0.5 842.398 1006.83 1123.17 
0.6 1135.92 1271.39 1379.54 
0.7 1434.1 1541.26 1642.42 
0.8 1693.35 1791.61 1888.9 
0.9 1909.87 2004.89 2099.7 
1.0 2071.1 2163.7 2256.28 
1.1 2155.62 2244.91 2334.28 











Figure 70- Comparison of the Fluid Temperature distribution along the axial centerline of the 3-
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Results for Unsteady Flow Study Using in 1-D Model 
 
A one-dimensional computer model has a 41 x 41 mesh size with a time 
increment of 5 x 10-6 seconds. This computer numerical model is used to simulate the 
unsteady flow with similar run parameters as that of the experimental study so as to 




Table 56- Benchmark Run Parameters for 1-D Model  
[unsteady, compressible, viscous, turbulent, constant properties] 
 
 Run Parameters 


















1D-H2-I.2 5 x10-6 41x41 0.005 300 3.1 22,000 
 
A variable heat flux is applied to the outer surface of the wall that is given by a sine 
function with the maximum magnitude of 22000 kJ/s-m2 and the distribution is shown in Figure       
. The minimum heat flux in the heat flux distribution is 1408 kJ/s-m2. Therefore, the mean heat 








Figure 71– Non-Uniform Heat Input distribution along the axial length of the 1-D model for Run 
1D-H2-I.2 
 
In this study, initially the flow is static and the pressure in the channel is constant at 3.1 
MPa similar to the exit of the channel. A constant mass flow of 0.005 kg/s is then introduced at 
the inlet with constant temperature of 300 K which acts as a driving factor for the flow.  































Figure 72- Mass Flow Rate histogram at the inlet of the 1-D model for Run 1D-H2-I.2  
 



















































Figure 74- Pressure histogram at the exit of the 1-D model for Run 1D-H2-I.2 
 
As the flow rate increases, the pressure at the inlet also gradually increases from initial 
3.1 MPa at 0 seconds to 7.07 Mpa at 1.8 seconds. The pressure is maintained at this level for 
approximately 2.4 seconds. The flow is then shut down and the pressure goes back down to the 
original 3.1 MPa. The effects of mass flow inlet in pressure, temperature and velocity are 
recorded at the inlet and the exit of the channel.  
At the inlet, the pressure is initially 3.1 MPa and since the density is directly proportional 
to pressure through ideal gas relation, the density also remains low for the first couple of 
seconds. During this period, the inlet velocity is at it max (around 340 m/s) because for constant 
mass flow rate and cross-sectional area, density is inversely proportional to velocity. Once the 
pressure gradually starts to increase, the velocity comes down and attains a constant value 
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its original value of 3.1 MPa, resulting in the increase in velocity before the flow is completely 
static. 
The histograms of pressure, velocity, and temperature at the inlet and the outlet are shown in the 
figures below.  
 
 





























Figure 76- Velocity histogram at the inlet of the 1-D model for Run 1D-H2-I.2 
 
 




















































































The objective of this thesis research was to develop a mathematical model which could 
simulate the flow in a cooling channel of a NTR engine. The one-dimensional model was 
adopted which under similar initial and boundary conditions to that of the experimental NTR 
cooling channel generated similar results. The following conclusions are drawn from the study. 
1. A modified MacCormack scheme was successfully employed to solve the governing 
differential equations of the unsteady, turbulent flow inside a cooling channel using 
second order accurate in time and finite difference approximation. 
2. The results of the numerical study carried out using the mathematical model and the 
solution procedure proposed in this thesis fair well when compared to the results of 
the experimental case. 
3. One-dimensional mathematical model showed no significant change in results during 
time increment and grid independence study. 
4. There is negligible difference between the results from different models of the mesh 
independence study for three-dimensional CFD models. 
5. There is a notable difference between the results of the variable property and the 
constant property case for a three-dimensional CFD models. 
6. The temperature and velocities are higher for variable property case resemble more to 
the experimental values. 
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7. The experimental result has a higher mean temperature distribution along the length 
of the cooling channel as compared to that of the three-dimensional two-domain 
model. 
8. The wall temperature distribution for the three-dimensional two-domain model is 
higher than the experimental case. 
9. Comparison of mean fluid temperature between one-dimensional model, a three-
dimensional two-domain model and the experiment shows that the three-dimensional 
model has greater resemblance to the experimental results.  
Distributions of pressure, density, velocity and temperature for one-dimensional 
model and the 3-D one-domain model are compared. In Figure 61, the inlet pressure for the 3-D 
one-domain model is 8.30 MPa which is higher compared to the one-dimensional model’s inlet 
pressure of 7.08 MPa. Also, the density of the fluid is also higher in case of the 3-D one-domain 
model compared to that of the one-dimensional model as shown in Figure 62. The 3-D one-
domain model has an inlet density of 6.807 kg/m3 whereas the one-dimensional model has 5.80 
kg/m3. The comparison of density distribution between the one-dimensional and the base model 
is given in Table 42. The inlet axial velocity for both one-dimensional and the 3-D one-domain 
model is 300 m/s. However, the 3-D one-domain model has an axial velocity 2921.21 m/s at the 
outlet and the one-dimensional model has an outlet axial velocity of 2846.60 m/s as shown in 
Figure 63. Finally, the mean fluid temperature distribution between the one-dimensional model 
and the 3-D one-domain model is shown in Figure 64. Both the models have an inlet fluid 
temperature of 300 K. With the non-uniform heat flux applied at the surface of the channel, the 
temperature of the fluid gradually increases along the length of the pipe. The maximum 
temperature of the fluid for one-dimensional and the 3-D one-domain model are 2253.74 K and 
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2056.84 K respectively. The mean fluid temperature at the outlet for the one-dimensional model 
is 2216.63 K and that for the 3-D model is 1989.1 K.  The quantitative values of temperature 
along the length of the channel for both one-dimensional and base model are shown in Table 44. 
A comparative study of temperature distributions between the experimental and 3-D 
two-domain model is conducted. The 3-D two-domain model is simulated with the benchmark 
initial and boundary conditions (Table 40) to achieve maximum accuracy with the experimental 
results. Mean fluid temperature and wall temperatures are compared between the two models. 
Table 46 presents the quantitative distribution of mean fluid temperature along the axial length of 
the channel in the experimental and the base model. The mean fluid temperatures in both the 
model gradually increases along the length of the channel. Both the models reach their respective 
maximum temperature at 1.1 meters of the channel. At this point, the experimental model 
reaches 2425 K and the base model is at 2312.17 K. The 3-D model has a deviation of 4.65 % 
from the experimental value. The mean fluid temperatures at the outlet for the experimental 
model and the base model are 2400 K and 2213.71 K respectively with a 7.7 % deviation. The 
results are graphically shown in Figure 65. The quantitative comparison of wall temperature 
along the axial length of the pipe for the experiment and the base model is presented in Table 47. 
The wall temperature of the experimental model at the inlet is 300 K whereas; the base model 
has a wall temperature of 324.55 K. The wall temperature for both the models reach maximum at 
1.0 meter, where the 3-D model value has a deviation of 3.67 %. The experimental mode has a 
maximum wall temperature of 2550 K and the base model has the maximum wall temperature of 
2643.81 K.  The wall temperature of experimental model at the outlet is 2400 K and that of the 
base model is 2476.6 K and has a deviation of 3.19 % from the experimental value. The results 
are graphically compared in Figure 66. 
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Comparison of the results for the mean fluid temperature from all the models used in the 
present experiment with the experimental model is shown in Figure 67. The mean fluid 
temperatures at the inlet for all the models are very identical with a deviation of 0.23 %. The 
temperature in all the models gradually increases along the length of the channel. At 1.1 meters, 
the experimental model has the highest mean fluid temperature of 2425 K. At the outlet, the 
experimental model has the mean fluid temperature of 2400 K and the 3-D two-domain (base) 
model and the one-dimensional model have quite identical mean fluid temperature at the outlet 
with 2213.71 K and 2216.63 K respectively and a deviation of approximately 1.56 %.  The 
quantitative comparison of mean fluid temperature distribution from the 1-D, 3-D Two-Domain, 
and the Experimental model is illustrated in Table 49. The comparison of the steady state 
predictions to the existing experimental results indicates that both models successfully predict 
the fluid temperature distribution in the NTR cooling channel. It is also concluded that the one-
dimensional model is capable of predicting the thermal-hydrodynamic transients expected inside 
the coolant channels of the NTR engine in response to the variations in the power generation in 
the nuclear core and/or variations in the inlet gas flow rate due to anomalies in the turbo pumps. 
   







 Although the one-dimensional and three-dimensional mathematical model were 
successful in predicting the results similar to the ones generated by the cooling channel of the 
NTR, further improvements and studies could be done to achieve higher accuracy in the results 
from the simulation.  
1. A finer mesh should be utilized to obtain accurate results, especially at high heat fluxes. 
2. In fully developed flow case study, a second run still was not fully developed. A third run 
can be conducted following the same procedure from the second run where the inlet 
conditions were taken from the outlet of the first run.  
3. Present NTR systems can reach high temperature and velocity in the cooling channel. 
Therefore, the mathematical models can be simulated at higher heat flux to achieve 
higher fluid temperature.  
4. Finally, the one-dimensional model only uses mass flow rate for the unsteady case to 
start-up and shutdown the simulation.   
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Vector Form of Governing Differential Equations 
 
For 1-D Model: 
 






                                                          (I.1) 
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where,  
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The equation of state for ideal gas is given by: 
TRp ρ=
                          (I.4) 
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 B. 	  0    (I.5) 
x-momentum equation: 
     ADEA%  FE  BDEP+BDE. GHI   (I.6) 
r-momentum equation:  
 
                   (I.7) 
Energy equation: 
 AHA%  BDE. JE +ρKE. DE + BDDDE. LMDE. DEN 
 O@%        (I.9) 
  
 
Energy equation for the solid domain is given by: 
q = -kPT      (I.10)  





Differential Form of Governing Differential Equations 
 
 
The continuity equation is given by: 
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The momentum equation in the x-direction is given by: 
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The energy equation is given by: 
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Thermodynamic and Transport Properties for GH2  
 
 
Figure A III -1 -Thermal Conductivity vs. Temperature for GH2 
  





Figure A III- 2 - Specific Heat at Constant Temperature vs. Temperature for GH2 
  





Figure A III- 3 - Viscosity vs. Temperature for GH2 
  





Fluent Solver Settings for the 3-D CFD Model 
 
Table A IV.1 shows complete configuration of Fluent for the present study. 
 
Table A IV.1- Fluent Solver Settings 

































Viscous: Standard, k-e, Standard Wall Fn, Viscous Heating 
Radiation: Off 
Heat Exchanger: Off 
Species: Off 
Discrete Phase: Off 
Solidification & Melting: Off 
Acoustics: Off 
Materials Fluid Hydrogen (H2) 
Air 
Solid: Aluminum, Steel 
Cell Zone Conditions Zone: 
Inner 
Fluid 

















Reference Frame: Absolute 
Mass Flow Specification Method: Mass Flow Rate 
Mass Flow Rate (kg/s): 0.005 
Supersonic/Initial Gauge Pressure (MPa): 4.0  
Direction Specification Method: Direction Vector  
Coordinate System: Cartesian (X, Y, Z) 
X-Component of Flow Direction: 1 
Y-Component of Flow Direction: 0 




Specification Method: Intensity and Hydraulic 
Diameter 
Turbulent Intensity (Fraction): 0.5 
Hydraulic Diameter (m): 0.00254  
Thermal  Total Temperature (K): 300 
Interior- Inlet Fluid 
Outlet  Gauge Pressure (MPa): 3.0 









Backflow Direction Specification Method: Normal to 
Boundary 
Radial Equilibrium Pressure Distribution 




Specification Method: Intensity and Hydraulic 
Diameter 
Turbulent Intensity (Fraction): 0.5 
Hydraulic Diameter (m): 0.00254  























Roughness Height (m): 0 











Heat Flux (W/m2): 
2200000 
Wall Thickness: 0 






Temperature (K): 400 
Wall Thickness: 0 





























Dynamic Mesh Dynamic Mesh: Uncheck 





Interior- Inner Fluid 
Outlet 
Surface 
Reference Values All calculated with the boundary conditions 
provided. 
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Solution   






Spatial Discretization Gradient Green-Gauss Cell Based 
Green-Gauss Node Based 





Body Force Weighted 
Density First Order Upwind 





First Order Upwind 







First Order Upwind 







First Order Upwind 




Energy First Order Upwind 




Solution Control Courant Number: 200 
Explicit Relaxation Factors Momentum: 0.75 
Pressure: 0.75 
Under-Relaxation Factors Density: 1 
Body Forces: 1 
Turbulent Kinetic Energy: 1 
Turbulent Dissipation Rate: 1 
Turbulent Viscosity: 1 
Energy: 1 
Monitors Residuals, Statistics and Force Monitors Residuals- Prints, Plots: 1e-08  






Initial Values Gauge Pressure (Pascal): Predicted  
Other values for initial velocity, 
temperature are calculated according to the 
given boundary conditions. 
Calculation Activities Auto save every iteration 
Run Calculation Check case 
Number of Iterations: 1000 
Calculate 





List of Program Parameters – Common to all Runs 
 
List of program parameters used in the program that are common to all runs: 
 
 L = 1.2 m 
D = 0.00254 m 
R = 4124.3 J/kg-K 
k = 0.1554 W/m-K 
cp = 14065 J/kg-K 
µ  = 1.76 x 10-6 kg/m-s 
Ti = 300 K 
Pe = 3.1 MPa 
mdot = 0.005 kg/s 
  





List of Program Parameters – Specific to Each Run 
 
 
List of parameters that are specific to the Base Run (3-D Two-Domain): 
 
 Mesh size: 212,577 cells 
 dx = 1 x 10-3 m 
 dr = 5 x 10-3 m 
 L = 1.2 m 
D = 0.00254 m 
 t = 0.000125 m 
 Ti = 300 K 
 Pi = 8.609 MPa (calculated) 
mdot = 0.005 kg/s 
 Pe = 3.1 MPa 
 ui =  141.818 m/s (calculated) 
 
Te =  2076.79 K (calculated) 
 ∆T = 1776.79 K 
 









Run Matrix for Numerical Simulation 
 
Table A VI.1- 1-D Unsteady Model Run Matrix 
Run Name Study 
1D-H2-I Time Increment, ∆t [s] 
 
Common Run Parameters 
Ti = 300 K 
mdot = 0.005 kg/s 
Pe = 3.1 MPa 
Qcst = 22,000 kJ/s-m2  
IN = 41 




1D-H2-II Mesh Independence, IN 
Common Run Parameters 
Ti = 300 K 
mdot = 0.005 kg/s 
Pe = 3.1 MPa 
Qcst = 22,000 kJ/s-m2 
∆t = 5x10-6 - 1x10-6 
Cf = 0.99 
1.  31 
2.  41 
3.  51 
1D-H2-III Co-efficient of Friction, Cf 
Common Run Parameters 
Ti = 300 K 
mdot = 0.005 kg/s 
Pe = 3.1 MPa 
Qmax = 22,000 kJ/s-m2 
∆t = 5x10-6 sec 
1.  0.3 
2.  0.55 
3.  0.99 
1D-H2-IV Heat Input, Q [kJ/s-m2] 
 1.  Q = 0 [Adiabatic] 
Common Run Parameters 
Ti = 300 K 
mdot = 0.005 kg/s 
Pe = 3.1 MPa 
∆t = 5x10-6 sec 
Cf = 0.99 











 Runs marked in red were chosen for the case studies. 
 
  




Table A VI.2- 3-D One-Domain Steady State Model Run Matrix 
Run Name Study File Name 
Working Fluid GH2 
3D-H2-1 DM- I Mesh Independence  
Common Run Parameters 
Ti = 300 K 
Pe = 3.1 MPa 
mdot = 0.005 kg/s 
Qmax = 22,000 kJ/s-m2 
5 layer mesh 
 Cell size, dx 
[m] 
No. of Cells  
1. 1x10-3 200,400 mesh study_22.dl 
2. 8x10-4 217,000 mesh study_22.dr 
3. 5x10-4 348,000 variableheatflux_22mj.dr 
3D-H2-1 DM- II Mesh Independence [Different Layers]  
Common Run Parameters 
Ti = 300 K 
Pe = 3.1 MPa 
mdot = 0.005 kg/s 
Qmax = 22,000 kJ/s-m2 
dx=1x10-3 
 No. of Layers No. of Cells  
1. 5 200,400 mesh study_22.dl 
2. 10 320,400 mesh study_10lyr.dl 
3. 13 378,000 mesh study III-3.dl 
3D-H2-1 DM-III Heat Input, Q [kJ/s-m2]  
Mesh Size: 348,000 
Common Run Parameters 
Ti = 300 K 
Pe = 3.1 MPa 
mdot = 0.005 kg/s 
 
4.  Q = 0 [Adiabatic] 1-DMconstanthf0mj.dr 
5.  Constant Heat Flux, Q [kJ/s-m2]  
2.a 1,600 1-DMconstanthf1600kj.dr 
2.b 3,000 1-DMconstanthf3000kj.dr 
2.c 7,000 1-DMconstanthf7000kj.dr 
2.d 18,000 cst hf 18mj.dr 
2.e 22,000 cst hf 22mj.dr 
6.  Variable Heat Flux, Q [kJ/s-m2]  
3.a 18,000 variableheatflux_18mj.dr 
3.b 20,000 variableprop.dr 
3.c 22,000 variableheatflux_22mj.dr 
3D-H2-1 DM-IV Constant Wall Temperature, Tw [K]  
 4.  400 8-28i.dl 
3D-H2-1 DM-V Mass Flow rate, mdot [10-3 x kg/s]  
Mesh Size: 348,000 
Common Run Parameters 
Ti = 300 K 
Pe = 3.1 MPa 
mdot = 0.005 kg/s 
Qmax = 22,000 kJ/s-m2 
4.  4.0  
5.  5.0 variableheatflux_22mj.dr 
6.  6.0  
 
3D-H2-1 DM-VI Turbulence Models  
Mesh Size: 348,000 
Common Run Parameters 
Ti = 300 K 
Pe = 3.1 MPa 
mdot = 0.005 kg/s 
Qmax = 22,000 kJ/s-m2 
1. k-e variableheatflux_22mj.dr 
2. Spalart-Allmaras SA-VI2.dr 
3. k-omega k-moega.dr 
3D-H2-1 DM-VII Physical Parameters  
Mesh Size: 348,000 
Common Run Parameters 
Ti = 300 K 
Pe = 3.1 MPa 
mdot = 0.005 kg/s 
1. k, Cp, ν = Cst Constant VII-1.dr 
2. k, Cp, ν = Variable variableheatflux_22mj.dr 
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Qmax = 22,000 kJ/s-m2 
Working Fluid Air 
3D-A-1 DM-I Heat Input, Q [kJ/s-m2]  
Mesh Size: 348,000 
Common Run Parameters 
Ti = 300 K 
Pe = 3.0 MPa 
ui = 70 m/s 
1. Q = 0 [Adiabatic] - 
2. Constant Heat Flux, Q [kJ/s-m2]  
2.a 500 1-13.dl 
2.b 700 1-14.dl 
2.c 1,000 1-15.dl 
3D-A-1 DM-II Constant Wall Temperature, Tw [K]  
Mesh Size: 200,400 
Ti = 300 K 
Pe = 3.0 MPa 
ui = 70 m/s 
1. 400 1-9.dl 
2. 500 1-10.dl 
 
***
 Runs marked in red were chosen for the case studies. 
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Table A VI.3- 3-D Two-Domain Steady State Model Run Matrix 
Run Name Study File Name 
Working Fluid GH2  
3D-H2-2 DM- I Mesh Independence  
Common Run Parameters 
Ti = 300 K 
Pe = 3.0MPa 
mdot = 0.005 kg/s 
Qmax = 22,000 kJ/s-m2 
 Cell size, dx [m] No. of Cells  
1. 5 x 10-3  40,080 mesh study I-1.dr 
2. 2x10-3  100,200 mesh study 2DM.dr 
3. 1x10-3  212,577  variable non-uni_hf22.dr 
3D-H2-2 DM-II Mesh Independence [Different Layers in Fluid]  
  No. of Layers No. of Cells  
Common Run Parameters 
Ti = 300 K 
Pe = 3.1 MPa 
mdot = 0.005 kg/s 
Qmax = 22,000 kJ/s-m2 
7. 5 212,577 variable non-uni_hf22.dr 
8. 10 319,200 mesh study II-2.dl 
9. 13 386,400 mesh study II-3.dl 
3D-H2-2 DM-III Mesh Independence [Different Layers in Solid]  
Common Run Parameters 
Ti = 300 K 
Pe = 3.1 MPa 
mdot = 0.005 kg/s 
Qmax = 22,000 kJ/s-m2 
 No. of Layers No. of Cells  
1. 5 340,800 non-uni_400 5lyr.dr 
2. 8 403,200 non-uni_400 8lyr.dl 
3. 10 459,600 non-uni_400 10lyr.dr 
3D-H2-2 DM-IV Heat Flux, Q [kJ/s-m2]  
Mesh size: 212,577 
Common Run Parameters 
Ti = 300 K 
Pe = 3.1 MPa 
mdot = 0.005 kg/s 
 
1. Q = 0 [Adiabatic] constanthf0kj.dl 
2. Constant Heat Flux, Q [kJ/s-m2]  
   2.a 1,600 constanthf1600kj.dl 
   2.b 3,000 constanthf3000kj.dl 
   2.c 7,000 constanthf7000kj.dl 
2.d 18,000 cst hf18mj.dr 
2.e 22,000 cst hf 22mj.dl 
3. Variable Heat Flux, Q [kJ/s-m2]  
   3.a 18,000 variable non-uni_hf18.dr 
   3.b 20,000 variable updt_non-
uni_400.dl 
   3.c 22,000 variable non-uni_hf22.dr  
3D-H2-2 DM-V Constant Wall Temperature, Tw [K]  
 5. 400 8-15i.dl 
3D-H2-2 DM-VI Inlet Temperature, Ti [K]  
Mesh size: 212,577 
Common Run Parameters 
Pe = 3.1 MPa 
mdot = 0.005 kg/s 
Qmax = 22,000 kJ/s-m2 
1. 200 inlet200 
2. 300 variable non-uni_hf22.dr 
3. 400 inlet400 
4. 500 inlet500 
3D-H2-2 DM-VII Mass Flow rate, mdot [10-3 x kg/s]  
Mesh size: 212,577 
Common Run Parameters 
Ti = 300 K 
Pe = 3.1 MPa 
Qmax = 22,000 kJ/s-m2 
7. 4.0 mdot4.dl 
8. 5.0 variable non-uni_hf22.dr 
9. 6.0 mdot6.dl 
3D-H2-2 DM-VIII Physical Parameters  
Mesh size: 212,577 
Common Run Parameters 
Ti = 300 K 
1. k, Cp, ν = Cst constant VI-1.dr 
2. k, Cp, ν = Variable variable non-uni_hf22.dr 
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Pe = 3.1 MPa 
mdot = 0.005 kg/s 
Qmax = 22,000 kJ/s-m2 
3D-H2-2DM-IX Material  
Mesh size: 212,577 
Common Run Parameters 
Ti = 300 K 
Pe = 3.1 MPa 
mdot = 0.005 kg/s 
Qmax = 22,000 kJ/s-m2 
1. Aluminum  benchmark for Al.dl 
2. Steel benchmark for Steel.dl 
3D-A-2DM-I Working fluid Air  
Mesh size: 420,840 
Common Run Parameters 
Ti = 300 K 
ui = 70 m/s 
Pe = 3.0 MPa 
1. Q = 0 [Adiabatic] FFF.1 
2. Constant Heat Flux, Q [kJ/s-m2] FFF.1-3 
3. Constant Wall Temperature, Tw [K] FFF.2 
 
***
 Runs marked in red were chosen for the parametric study. 
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